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Challenges in Structures and Dynamics 

George E McDonough 

G i v i n g  a k e y n o t e  address  i s  o n e  o f  t h e  p l e a s u r e s  wh ich  
u s u a l l y  comes w i t h  advanced  a g e  and  e x p e r i e n c e .  It  i s  
p a r t i c u l a r l y  welcome i n  t h a t  some o f  t h e  o t h e r  p l e a s u r e s  
d i m i n i s h  somewhat w i t h  time. The main t h i n g  a k e y n o t e  
speaker  i s  a s k e d  t o  do  is  t o  share  w h a t e v e r  i n s i g h t  and 
p e r s p e c t i v e  h e  h a s  managed t o  g a i n  from t h e  e v e n t s  h e  h a s  
w i t n e s s e d  a n d ,  p o s s i b l y  had some r o l e  i n  s h a p i n g .  
F u r t h e r m o r e ,  he  need  n o t  d e f e n d  a p o s i t i o n  a g a i n s t  o t h e r s  who 
may see d i f f e r e n t l y  f rom t h e i r  d i f f e r e n t  p e r s p e c t i v e s .  My 
f i r s t  p u r p o s e  i n  t h i s  address ,  i n  a d d i t i o n  t o  making  a 
t r a n s i t i o n  from t h e  w a r m  glow o f  t h e  welcoming addresses t o  
g e t t i n g  down t o  t h e  b u s i n e s s  o f  t h i s  symposium, i s  t o  p u t  
t h e  symposium i n  t h e  c o n t e x t  o f  t h e  f low of a c t i v i t i e s  here 
i n  NASA a t  t h e  George  C .  Marshall Space F l i g h t  C e n t e r .  I 
want  t o  show you some o f  t h e  t h i n g s  we a re  d o i n g  and  show how 
t h e y  f i t  w i t h  t h e  work t o  b e  r e p o r t e d  here l a t e r .  Based on  
o u r  work, I would l i k e  t o  s u g g e s t  some a p p r o a c h e s  t o  f u t u r e  
d e v e l o p m e n t  a n d  some p o s s i b l e  p i t f a l l s  which I foresee  i n  t h e  
d e v e l o p m e n t  o f  t e c h n o l o g y .  B u t ,  before  I g e t  i n t o  t h a t ,  I 
want  t o  u r g e  you  t o  make t h e  most o f  t h i s  o p p o r t u n i t y  t o  
share  y o u r  knowledge  and e x p e r i e n c e  w i t h  y o u r  f e l l o w  
workers .  A t  t h e  time of  t h e  l a s t  symposium t h e r e  was 
c o n s i d e r a b l e  d o u b t  t h a t  we would b e  ab le  t o  c a r r y  on  b e c a u s e  
o f  d w i n d l i n g  s u p p o r t .  Had t h i s  o c c u r r e d  i t  would  h a v e  been  a 
g r e a t  l o s s ,  so  I am v e r y  pleased t h a t  NASA and t h e  Marshall 
Space F l i g h t  C e n t e r  were ab le  t o  c o n t i n u e  t h e i r  s u p p o r t  and 
t o  c o - s p o n s o r  w i t h  t h e  U . S .  Army Missile Command t h i s  
F i f t y - E i g h t h  Shock  and  V i b r a t i o n  Symposium. We b e l i e v e  t h a t  
t h i s  i s  a n  i m p o r t a n t  form i n  which  t o  d i s c u s s  i m p o r t a n t  
i s s u e s  i n  Dynamics b u t  t h a t  i t  c a n  o n l y  p r o v i d e  t h e  forum;  
t h e  ideas  and  t h e  search f o r  knowledge  mus t  come from you who 
are  p a r t i c i p a t i n g  i n  t h i s  symposium. So I u r g e  a l i v e l y  
e x c h a n g e  of ideas  and e v e n  t h e  e x p r e s s i o n  of some c o n f l i c t  of 
o p i n i o n s  t o  g i v e  l i f e  t o  t h i s  m e e t i n g .  W i t h o u t  t h a t ,  
a t t e n d i n g  a n y  symposium i s  n o t  a g r e a t  dea l  s u p e r i o r  t o  
r e a d i n g  t h e  p a p e r s  g i v e n  a t  t h e  symposium. T h i s  h a s  n o t  been  
a p a s s i v e  fo rum,  w h i c h  i s  o n e  of i t s  g r e a t e s t  s t r e n g t h s ,  and  
I u rge  you now t o  p a r t i c i p a t e  f u l l y  t o  make t h e  mos t  of t h i s  
o p p o r t u n i t y .  

There i s  no  s h o r t a g e  o f  c h a l l e n g e s  
i n  shock and  v i b r a t i o n .  Some h a v e  been  w i t h  u s  unchanged f o r  
many y e a r s ,  o t h e r s  h a v e  d e v e l o p e d  o v e r  t h e  y e a r s  and  v e r y  few 

N o w  f o r  t h e  c h a l l e n g e s .  
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are  r e a l l y  new. I want  t o  c o v e r  a few o f  these c h a l l e n g e s  
f rom t h e  p o i n t  of v i e w  o f  t h e  work w h i c h  i s  d o n e  i n  my 
o r g a n i z a t i o n  w i t h i n  N A S A  a n d  t h e  o t h e r  g r o u p s  w i t h  whom w e  
c o l l a b o r a t e .  S i n c e  w e  a re  s p a c e - o r i e n t e d  we may n o t  h a v e  t h e  
b e s t  p e r s p e c t i v e  o n  many e a r t h b o u n d  p r o b l e m s ,  b u t  y e t  we must  
b u i l d ,  t r a n s p o r t  and  l a u n c h  o u r  s p a c e  v e h i c l e s .  We a l s o  a re  
a c i v i l i a n  a g e n c y ,  y e t  we h a v e  u s e d  m i l i t a r y  v e h i c l e s  i n  o u r  
l a u n c h e s  and  a r e  now p a r t i c i p a t i n g  i n  t h e  S t r a t e g i c  D e f e n s e  
I n i t i a t i v e  f l i g h t  e x p e r i m e n t s  a n d  o t h e r  m i l i t a r y  p r o j e c t s .  
When I look  o v e r  s u c h  t h i n g s  as  t h e  b r o a d  a p p l i c a t i o n  o f  
NASA-developed c o m p u t e r  p r o g r a m s  s u c h  as N A S T R A N  t h r o u g h o u t  
i n d u s t r y  and  a t  t h e  i n f u s i o n  of a n a l y t i c a l  and  e x p e r i m e n t a l  
t e c h n i q u e s  e i t h e r  d e v e l o p e d  f o r  s p a c e  u s e  o r  a d a p t e d  t o  s p a c e  
u s e  f rom i n d u s t r i a l  u s e ,  i t  appears  t o  me t h a t  o u r  window on  
d y n a m i c s  o f f e r s  a r e a s o n a b l y  c l e a r  v i e w  o f  where t h e  
c h a l l e n g e s  and  o p p o r t u n i t i e s  l i e .  Today,  I h a v e  c h o s e n  a few 
o f  t h e s e  as  e x a m p l e s  t o  show a p a t t e r n  of  c h a l l e n g e s .  It  i s  
good t o  see,  i n  l o o k i n g  o v e r  t h e  p r o g r a m ,  t h a t  some of t hese  
same areas a n d  e v e n  t h e  same e x a m p l e s  w i l l  b e  d e s c r i b e d  i n  
d e t a i l .  

One c h a l l e n g e  w h i c h  n e v e r  c h a n g e s  b e c a u s e  i t  is  t h e  
hear t  o f  how w e  s o l v e  p r o b l e m s  i s  t h e  g a t h e r i n g  of  f i e l d  o r  
e x p e r i m e n t a l  da t a  a n d  i t s  u s e  e i t h e r  d i r e c t l y  as  a b a s i s  o f  
d e s i g n  o r  i n  t h e  v e r i f i c a t i o n  o f  m o d e l s  which  a re  i n  t u r n  t h e  
bas i s  of d e s i g n .  T h i s  i n c l u d e s  t h e  d e v e l o p m e n t  o f  b e t t e r  
t e s t  a n d  i n s t r u m e n t a t i o n  me thods  t o  p e r m i t  g a t h e r i n g  da t a  i n  
l o c a t i o n s  o r  e n v i r o n m e n t s  we h a v e  n o t  b e e n  ab le  t o  m e a s u r e  
before .  It a l s o  i n c l u d e s  s i m p l e r  a n d  l e s s  e x p e n s i v e  t e s t s  
a n d  m e a s u r e m e n t s  s o  t h a t  o u r  p r o g r a m s  can a f f o r d  t o  i n c l u d e  
them. An e x a m p l e  of  a t e s t  which p e r m i t t e d  l a r g e  p r o g r a m m a t i c  
s a v i n g s  i n  b o t h  f a c i l i t i e s  and  t e s t  e x p e n s e  was t h e  u s e  o f  
impedance  t e s t i n g  on  t h e  Hubb le  S p a c e  T e l e s c o p e  ( H S T ) ,  a n  
e x p l o d e d  v i e w  of which  i s  shown i n  F i g u r e  1 .  The S p a c e  
T e l e s c o p e  had a somewhat r e s t r i c t e d  modal t e s t  program 
p r i m a r i l y  d u e  t o  f u n d i n g  c o n s t r a i n t s .  F i g u r e  2 shows a 
summary of  t h e  modal  t e s t ;  some e l e m e n t s  o f  r e c o g n i z e d  
s i g n i f i c a n c e  were n o t  i n c l u d e d  i n  t h e  t e s t ,  p a r t i c u l a r l y  t h e  
i n t e r f a c e s  w i t h  t h e  O r b i t e r ;  h o w e v e r ,  t h e  t e s t  was g e n e r a l l y  
s u c c e s s f u l  i n  t h a t  i t  p r o v i d e d  t h e  d a t a  c a l l e d  o u t  i n  t h e  
t es t  p l a n .  F u r t h e r m o r e ,  a d e q u a t e  f i n i t e  e l e m e n t  m o d e l s  were 
e s t a b l i s h e d  b a s e d  on  t e s t  r e s u l t s ,  as shown i n  F i g u r e  3 .  
After t h e  t e s t  p rogram had b e e n  c o m p l e t e d ,  i t  was d e t e r m i n e d  
t h a t  a d d i t i o n a l  t e s t s  were r e q u i r e d  t o  v e r i f y  some of t h e  
m i s s i n g  i n t e r f a c e s ,  s u c h  as  t h e  Orb i t e r /HST i n t e r f a c e  a n d  
d e t e r m i n e  a t tached  s o l a r  a r r a y  f r e q u e n c i e s .  T h e r e  was no 
s u i t a b l e  way t o  p e r f o r m  t h e  s t a n d a r d  f i x e d - b a s e  modal t e s t  
w h i c h  was t h e  s t a n d a r d  a p p r o a c h .  F o r  o n e  t h i n g ,  t h e  Hubb le  
S p a c e  T e l e s c o p e  was i n  a c l e a n  room area t o  p r e v e n t  
c o n t a m i n a t i o n  of t h e  o p t i c s .  It  c o u l d  n o t  b e  r emoved ,  
t h e r e f o r e ,  t e s t i n g  would  h a v e  t o  t a k e  p l a c e  i n  t h a t  
f a c i l i t y .  The f a c i l i t y  c o n t a i n e d  no  s u i t a b l e  m o u n t i n g  base 
upon w h i c h  t o  p l a c e  t h e  T e l e s c o p e  s o  o n e  would h a v e  t o  be  
c o n s t r u c t e d  i n  t h e  area a t  h i g h  c o s t  b e c a u s e  o f  c o n s t r u c t i o n  

4 



p r o b l e m s  a n d  c l e a n l i n e s s  r e q u i r e m e n t s .  These c o n s i d e r a t i o n s  
p r e v e n t e d  c o n v e n t i o n a l  t e s t i n g .  T h e  answer t o  o u r  d i l e m m a  
came i n  t h e  form o f  impedance  t e s t i n g ,  w h i c h  c o u l d  r e a d i l y  b e  
d o n e  i n  p lace  w i t h o u t  f a c i l i t y  c o n s t r u c t i o n  o r  p o t e n t i a l  
c o n t a m i n a t i o n .  T h e r e  were, however ,  many d o u b t e r s  s i n c e  n o n e  
o f  u s  had e x p e r i e n c e  w i t h  impedance  t e s t i n g  o f  a s t r u c t u r e  as  
complex  as t h e  S p a c e  T e l e s c o p e .  We a l l  agreed the re  was no  
c h o i c e  b u t  t o  t r y  a n d ,  i f  r e s u l t s  were u n s a t i s f a c t o r y ,  t o  
r e c o n s i d e r  o t h e r  t e s t i n g .  A summary of t h e  t e s t  t e c h n i q u e s  
i s  shown i n  F i g u r e  4 and  t y p i c a l  r e s u l t s  i n  F i g u r e  5 .  The 
c o m p a r i s o n s  g e n e r a l l y  were e x c e l l e n t ,  a n d  t h e  r e q u i r e d  
c h a r a c t e r i s t i c s  were o b t a i n e d .  T h i s  s u c c e s s  l eads  t o  a 
f u r t h e r  c h a l l e n g e  t o  e s t a b l i s h  t h i s  t e c h n i q u e  as a f u l l y  
a l t e r n a t i v e  a p p r o a c h  t o  model  v e r i f i c a t i o n  of l a r g e ,  complex  
s t r u c t u r e s  ra ther  t h a n  o n e  t o  b e  c a l l e d  upon o n l y  when 
c i r c u m s t a n c e s  p r e v e n t  t h e  u s u a l  f i x e d - b a s e  t e s t i n g .  The re  
a re  many l a r g e  p a y l o a d s  o n  o u r  h o r i z o n  f o r  w h i c h  i m p e d a n c e  
t e s t i n g  c a n  b e  a major f a c t o r  and  w e  s h a l l  seek a p p l i c a t i o n s  
o f  t h i s  t e c h n i q u e  w h e r e v e r  i t  i s  t h e  b e s t  a p p r o a c h  f o r  t h e  
a p p l i c a t i o n .  I ts  u s e  w i l l  d epend  n o t  o n l y  o n  how w e l l  i t  
meets o u r  n e e d s  b u t  a l s o  on  how well we c a n  c o n v i n c e  t h e  
f l i g h t  s a f e t y  a n d  o t h e r  r e v i e w  boa rds  t h a t  t h e  r e s u l t s  are  
c o m p a r a b l e  w i t h  t h o s e  f rom b e t t e r  e s t a b l i s h e d  t e c h n i q u e s .  

A n o t h e r  Hubb le  Space T e l e s c o p e  c h a l l e n g e  w h i c h  h a s  
a r i s e n  b e c a u s e  o f  t h e  e x t e n d e d  s t o r a g e  o f  t h e  T e l e s c o p e  i n  
S u n n y v a l e  i s  m o n i t o r i n g  i t s  e n v i r o n m e n t  f o r  dynamic  t r a n s i e n t  
i n p u t s  d u e  t o  e a r t h q u a k e s .  The s y s t e m  was d e v e l o p e d  i n h o u s e  
a t  MSFC, b o t h  hardware and sof tware,  and  was a d a p t e d  f rom 
t e s t  m o n i t o r i n g  s y s t e m s .  The s y s t e m  i s  t r i g g e r e d  
a u t o m a t i c a l l y  b y  a n y  seismic s i g n a l  t o  r e c o r d  a c c e l e r a t i o n  
l e v e l s .  R e c o r d s  a re  a n a l y z e d  a t  MSFC f o r  a s s e s s m e n t  o f  
p o s s i b l e  damage t o  t h e  S p a c e  T e l e s c o p e .  We are  p l e a s e d  t o  
r e p o r t  t h a t  t h e  r e c e n t  e a r t h q u a k e  i n  t h e  Los A n g e l e s  area was 
n o t  f e l t  b y  t h e s e  i n s t r u m e n t s  so i t  had no  e f f e c t  o n  t h e  
S p a c e  T e l e s c o p e .  T h i s  e f f o r t  i s  t y p i c a l  o f  t h e  many, 
s o m e t i m e s  small b u t  i m p o r t a n t ,  p r o b l e m s  w h i c h  o c c u r  i n  o u r  
p r o g r a m s .  T h e i r  solutions r e q u i r e  a k n o w l e d g e  o f  t h e  
t e c h n i q u e s  a n d  e q u i p m e n t  o f  dynamic  e n v i r o n m e n t  m o n i t o r i n g .  

While o n  t h e  s u b j e c t  o f  i n n o v a t i v e  t e c h n i q u e s  o f  
t e s t i n g ,  I would l i k e  t o  s w i t c h  t o  a n o t h e r  of o u r  major 
p r o g r a m s ,  t h e  Space S h u t t l e  Main E n g i n e  (SSME). The i n t e r n a l  
e n v i r o n m e n t  of t h i s  o r  a n y  o t h e r  e n g i n e  i s  d i f f i c u l t  t o  
i n s t r u m e n t  t h o r o u g h l y  b e c a u s e  o f  p o t e n t i a l  s t r u c t u r a l  
weaken ing  b y  wall  p e n e t r a t i o n s  a t  k e y  l o c a t i o n s  and  o t h e r  
similar c o n s t r a i n t s .  Therefore ,  t h e  l o c a t i o n  of  much of  t h e  
i n s t r u m e n t a t i o n  w e  h a v e  i s  p r e d i c a t e d  on  s a f e t y  a n d  ease o f  
s e r v i c i n g  r a t h e r  t h a n  optimum l o c a t i o n  f o r  e n v i r o n m e n t  
d e t e r m i n a t i o n .  We h a v e  had good r e s u l t s  from these  
m e a s u r e m e n t s  i n  p r o v i d i n g  a d e q u a t e  r e d l i n e s  t o  s h u t  down a 
m a l f u n c t i o n i n g  e n g i n e  b e f o r e  i t  f a i l s  c a t a s t r o p h i c a l l y  a n d  
a l s o  as a d i a g n o s t i c  t o o l .  Yet t e s t  a n o m a l i e s  s t i l l  o c c u r  
and  we a re  s t i l l  s e a r c h i n g  f o r  a d d i t i o n a l  d i a g n o s t i c  i n t e r n a l  
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e n v i r o n m e n t  m o n i t o r i n g  t o o l s .  One w h i c h  looks p r o m i s i n g ,  
p a r t i c u l a r l y  f o r  g r o u n d  t e s t i n g ,  i s  a n o n - i n t r u s i v e  
e x a m i n a t i o n  o f  t h e  e n g i n e  plume b y  r e m o t e  s e n s i n g  u s i n g  
o p t i c a l  methods.  O f  c o u r s e ,  we h a v e  f o r  many years  u s e d  t h e  
s i m p l e s t  o p t i c a l  d e t e c t o r ,  t h e  eyes  of  t h e  t e s t  o b s e r v e r s  who 
c a n  t e r m i n a t e  t h e  t e s t .  

The c o n c e p t  i s  s i m p l e :  t o  p e r f o r m  s p e c t r a l  a n a l y s i s  o f  
t h e  e n g i n e  plume t o  d e t e c t  e n g i n e  f a i l u r e  i n  real-t ime. The 
s y s t e m  a l s o  p r o v i d e s  i n d i c a t o r s  o f  e n g i n e  wear and  p r o v i d e s  
new i n f o r m a t i o n  on t h e  c h a r a c t e r i s t i c s  o f  t h e  plume w h i c h  c a n  
y i e l d  c l u e s  on e n g i n e  o p e r a t i n g  e f f i c i e n c y .  What c a u s e d  t h e  
i n t e r e s t  i n  t h i s  s y s t e m  was t h a t  e x a m i n a t i o n  of  o r d i n a r y  f i l m  
and  v i d e o  i m a g e r y  of e n g i n e  anomaly  i n c i d e n t s  showed t h a t  
e i g h t  o f  t w e n t y - s e v e n  m a j o r  e n g i n e  t es t  f a i l u r e s  e x h i b i t e d  
anomalous  b e h a v i o r  i n  t h i s  i m a g e r y .  An example  i s  shown i n  
F i g u r e  6 ,  a case i n  wh ich  t h e  anomaly  was t r aced  t o  a f a i l u r e  
o f  a main i n j e c t o r .  S p e c t r a l  c h a r a c t e r i s t i c s  of SSME 
f a i l u r e s  n e v e r  had been  measu red  b u t  t h e r e  was c lear  
i n d i c a t i o n  t h a t  a d d i t i o n a l  i n f o r m a t i o n  c o u l d  b e  g a i n e d  from 
m e a s u r e m e n t s  beyond t h e  v i s i b l e  s p e c t r u m .  Our a p p r o a c h  h a s  
b e e n  t o  s t u d y  t h e  phenomena o c c u r r i n g  i n  t h e  p lume,  which  
i n c l u d e s  some p r e l i m i n a r y  plume m e a s u r e m e n t s ,  t h e n  t o  d e v e l o p  
a n d  opera te  a p r o t o t y p e  O p t i c a l  P l u m e  Anomaly Detector  
( O P A D ) .  We now h a v e  a s e t  o f  i n s t r u m e n t s  i n s t a l l e d  on  a n  
SSME t e s t  s t a n d  a t  t h e  N a t i o n a l  Space Techno logy  L a b o r a t o r i e s  
(NSTL); a l a y o u t  of  t h i s  s y s t e m  i s  shown i n  F i g u r e  7 .  A s  
shown,  t h e  e q u i p m e n t  i n c l u d e s ,  i n  a d d i t i o n  t o  t h e  t e s t  s t a n d  
cameras, a n  i n s t r u m e n t  t a b l e  w h i c h  h o l d s  a v i s i b l e  and  a n  
u l t r a v i o l e t  o p t i c a l  m u l t i s p e c t r a l  a n a l y z e r ,  a n  u l t r a v i o l e t  
camera, two s p e c t r o m e t e r s  i n  d i f f e r e n t  r a n g e s  and  a s e t  of  
radiometers .  Some t y p i c a l  r e s u l t s  f o r  a t e s t  i n  w h i c h  a n  
anomaly  o c c u r r e d  are  shown i n  F i g u r e s  8 and  9 .  F i g u r e  8 
shows t h e  radiance of  t h e  plume i n  t h e  v a r i o u s  w a v e l e n g t h s  a t  
a s i n g l e  time p o i n t .  Each peak  i s  associated w i t h  t h e  
p r e s e n c e  of a p a r t i c u l a r  e l e m e n t  o r  compound i n  t h e  e x h a u s t  
b y - p r o d u c t s .  P o t a s s i u m  and  sodium a re  of  p a r t i c u l a r  i n t e r e s t  
here.  F i g u r e  9 i s  a n  i s o p l o t  of da t a  f o r  t h e  same t e s t  and 
shows t h e  t ime v a r i a n c e  of  t h e  d a t a .  The time a t  w h i c h  t h e  
anomaly  o c c u r r e d  i s  c l e a r l y  shown b y  t h e  a p p e a r a n c e  of t h e  
r a d i a n c e  i n  t h e  p o t a s s i u m  w a v e l e n g t h  ( 7 7 0  nm) and  t h e  l a r g e  
i n c r e a s e  i n  r a d i a n c e  a t  t h e  sodium w a v e l e n g t h  ( 5 8 9  nm). T h i s  
t e s t  was t e r m i n a t e d  by  r e d l i n e  c u t o f f  s e v e n - t e n t h s  o f  a 
s e c o n d  l a t e r .  The c a u s e  o f  t h e  p rob lem was found t o  b e  a 
w e l d  f a i l u r e  i n  t h e  n o z z l e  w h i c h  a l l o w e d  t h e  e s c a p e  of 
hydrogen  which  was i g n i t e d  e x t e r n a l  t o  t h e  e n g i n e .  The 
o p t i c a l  s y s t e m  showed t h a t  i t  c o u l d  h a v e  s h u t  down t h e  e n g i n e  
a s i g n i f i c a n t  time e a r l i e r  t h a n  was done  by t h e  t h e r m o c o u p l e  
which c a u g h t  t h e  o u t  o f  t o l e r a n c e  t e m p e r a t u r e .  

p r e s e n c e  of  c o p p e r  tape i n a d v e r t e n t l y  l e f t  i n  t h e  c o m b u s t i o n  
chamber from a n o z z l e  p l u g .  B u r n i n g  c o p p e r  i s  f r e q u e n t l y  
n o t e d  i n  t h e  plume as g r e e n  s t r eaks ;  i t  o f t e n  i n d i c a t e s  wear 

O t h e r  a n o m a l i e s  d e t e c t e d  i n c l u d e  b e a r i n g  wear and t h e  
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of r u b b i n g  s u r f a c e s .  The  s t a t u s  o f  t h e  d e v e l o p m e n t  o f  t h e  
s y s t e m  i s  t h a t  a m u l t i s p e c t r a l  a n a l y z e r  i s  b e i n g  p r o c u r e d  f o r  
o n e  t e s t  s t a n d  a n d  t h a t  t h e  p r o t o t y p e  OPAD w i l l  b e  f ab r i ca t ed  
e a r l y  n e x t  y e a r .  T h i s  OPAD w i l l  h a v e  c u t o f f  c a p a b i l i t y  b u t  
w i l l  b e  u s e d  i n  a n  o p e n - l o o p  mode u n t i l  s u f f i c i e n t  c o n f i d e n c e  
i s  b u i l t  t o  u s e  i t  as a c u t o f f  d e v i c e .  F i n a l l y ,  w e  are  
making  a r r a n g e m e n t s  t o  i n c o r p o r a t e  s p e c t r a l  d a t a  i n t o  t h e  
e x i s t i n g  e n g i n e  da t a  b a n k s .  The n e x t  c h a l l e n g e  w i l l  b e  t o  
co r re l a t e  t h i s  new d a t a  w i t h  s t r a i n  gages,  accelerometers a n d  
o t h e r  i n t e r n a l  da t a  s o u r c e s  w h i c h  a l s o  i n d i c a t e  e n g i n e  h e a l t h  
d e g r a d a t i o n  o r  wear. Then we c a n  c o n s i d e r  f u r t h e r  u s e s ,  
p o t e n t i a l l y  as  a f l i g h t  i n s t r u m e n t .  

A n o t h e r  t o o l  w h i c h  i s  c o n t r i b u t i n g  t o  t h e  d e f i n i t i o n  o f  
e n v i r o n m e n t s  i n  t h e  SSME, i s  o u r  r a p i d l y  i m p r o v i n g  c a p a b i l i t y  
of u s i n g  c o m p u t a t i o n a l  f l u i d  dynamic  (CFD) methods t o  a n a l y z e  
t h e  f l o w  w i t h i n  t h e  e n g i n e .  J u s t  a few years ago we were 
u n a b l e  t o  s o l v e  a n y  b u t  t h e  m o s t  s i m p l i f i e d  cases o f  
a x i s y m m e t r i c  f low w i t h  h i g h l y  c o n s t r a i n e d  g e o m e t r i e s  a n d  
f l u i d  p r o p e r t i e s .  Today,  we are  making  s u b s t a n t i a l  p rog res s  
on  r e a l i s t i c  p r o b l e m s ,  t h a n k s  t o  t h e  a v a i l a b i l i t y  o f  c o m p u t e r  
s y s t e m s  s u c h  as t h e  E n g i n e e r i n g  A n a l y s i s  Data S y s t e m  ( E A D S )  
here a t  t h e  Marshall Space F l i g h t  C e n t e r .  T h i s  s y s t e m  h a s  a t  
i t s  core a f o u r - p r o c e s s o r  C R A Y  X-MP. We a l s o  a re  u s i n g  t h e  
e v e n  l a rge r  N a t i o n a l  Aerodynamic  S i m u l a t o r ,  b a s e d  o n  a C R A Y  
11, a t  t h e  A m e s  Research C e n t e r ,  as well  as  o t h e r  
s u p e r c o m p u t e r s  t h r o u g h o u t  N A S A ,  o t h e r  gove rnmen t  a g e n c i e s ,  
t h e  u n i v e r s i t i e s  and  i n d u s t r y .  

F i g u r e  10 shows t h e  l a y o u t  of t h e  SSME w i t h  t h e  h o t  gas  
f low areas i n d i c a t e d  i n  red .  Hydrogen a n d  oxygen  are  mixed  
a n d  i g n i t e d  i n  t h e  p r e b u r n e r ,  p a s s  t h r o u g h  t h e  t u r b i n e s  i n t o  
t h e  t u r n a r o u n d  d u c t s  a n d  t r a n s f e r  d u c t s ,  t h e n  a re  i n j e c t e d  
i n t o  t h e  ma in  c o m b u s t i o n  chamber ,  where a d d i t i o n a l  l i q u i d  
oxygen  ( L O X )  i s  added  t h r o u g h  LOX p o s t s ,  a n d  b u r n e d .  Areas 
w h i c h  h a v e  b e e n  o r  a re  b e i n g  a n a l y z e d  i n c l u d e  t h e  f low 
t h r o u g h  tu rbopump b e a r i n g s ,  t u r b i n e  t u r n a r o u n d  d u c t s  a n d  
t r a n s f e r  d u c t s ,  i n j e c t o r s  and  t h e  n o z z l e .  Some of t h e  d e s i g n  
c o n c e r n s ,  i n  a d d i t i o n  t o  t h e  e f f i c i e n c y  o f  f low t h r o u g h  t h e  
s y s t e m ,  i n c l u d e  t u r b i n e  b l a d e  l o a d s ,  f a t i g u e  o f  t h e  b e l l o w s  
s h i e l d  a n d  t h e  r e s p o n s e  s t a b i l i t y  a n d  f a t i g u e  o f  t h e  L O X  
p o s t s  loca ted  a t  t h e  i n j e c t i o n  p l a t e  t o  t h e  ma in  c o m b u s t i o n  
chamber. A c t u a l l y ,  s e v e r a l  of t hese  c o n c e r n s  a re  c o u p l e d ,  
f o r  e x a m p l e ,  t h e  t u r b u l e n c e  a n d  u n e v e n n e s s  of f l o w  i n  t h e  
t r a n s f e r  d u c t s  is a major d r i v e r  o f  u n s t e a d y  r e s p o n s e  o f  t h e  
LOX p o s t s  a n d  a s u b s e q u e n t  c a u s e  of t h e i r  f a i l u r e  i n  
f a t i g u e .  

The p i c t o r i a l s  of F i g u r e  1 1  are  r e p r e s e n t a t i o n s  of t h e  
o u t p u t  o f  CFD a n a l y s i s  which show t h e  c o n t o u r s  o f  f l o w  
v e l o c i t y  i n  these  t u b e s  f o r  t h e  c u r r e n t  t h r e e - d u c t  d e s i g n  and  
t h e  p r o p o s e d  two-duc t  d e s i g n .  Red i n d i c a t e s  t h e  h i g h e s t  
v e l o c i t y  w h i l e ,  a t  t h e  o t h e r  end  of t h e  s p e c t r u m ,  i n d i g o  
i n d i c a t e s  t h e  lowest v e l o c i t y .  A s  c a n  b e  s e e n ,  t h e  f low i n  
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t h e  o u t e r  t u b e s  of t h e  t h r e e - t u b e  c o n f i g u r a t i o n  shows  w i d e  
v a r i a t i o n s  of v e l o c i t y  and t h e  f l o w  i n  t h e  c e n t e r  t u b e  i s  
v e r y  low. T h i s  i s  a n  i n e f f i c i e n t  d e s i g n  compared w i t h  t h e  
two- tube  case shown be low i t  i n  which  t h e  f l o w  v e l o c i t y  c a n  
b e  s e e n  t o  v a r y  o v e r  a much n a r r o w e r  r a n g e .  

We a t  t h e  Marshall S p a c e  F l i g h t  C e n t e r  do  n o t  h a v e  
p r i m a r y  r e s p o n s i b i l i t y  f o r  t h e  d e v e l o p m e n t  o f  t h e  CFD m o d e l s ,  
w i t h i n  N A S A  t h a t  j o b  b e l o n g s  t o  t h e  research c e n t e r s .  But  
we, t o g e t h e r  w i t h  t h e  SSME d e v e l o p e r ,  R o c k e t d y n e ,  do  h a v e  t h e  
r e s p o n s i b i l i t y  t o  v e r i f y  t hese  c o d e s  t h r o u g h  benchmark t e s t s  
and t o  d e v e l o p  them i n t o  u s e f u l  d e s i g n  t o o l s .  Where no 
s u i t a b l e  c o d e  e x i s t s  o r  where a l t e r n a t e  a p p r o a c h e s  a re  
n e e d e d ,  w e  u t i l i z e  i n d u s t r y  and  u n i v e r s i t y  c a p a b i l i t i e s  
d i r e c t l y  t o  d e v e l o p  what  i s  n e e d e d .  T h i s  c o o p e r a t i v e  s p l i t  
of r e s p o n s i b i l i t y  h a s  worked w e l l  f o r  t h e  program a l t h o u g h  
d e v e l o p i n g  t h e  p r o p e r  b a l a n c e  o f  a c t i v i t i e s  among t h e  
p a r t i c i p a n t s  h a s  b e e n  a c h a l l e n g e  i n  i t s e l f .  

To show how we answer  t h e  c h a l l e n g e  o f  v e r i f y i n g  and  
compar ing  e x i s t i n g  o r  newly  d e v e l o p e d  p r o g r a m s ,  w e  c a n  
examine  t h e  example  o f  t h e  t u r n a r o u n d  d u c t .  F i g u r e  12 shows 
a summary o f  f o u r  CFD c o d e s  u s e d  f o r  t h e  a n a l y s i s  of t h e  h o t  
gas m a n i f o l d  showing  t h e  b a s i c  a l g o r i t h m ,  t u r b u l e n c e  mode l  
and number of g r i d  p o i n t s .  As c a n  b e  s e e n ,  t h e  INS3D model 
h a s  a n  o rde r  of  m a g n i t u d e  more g r i d  p o i n t s  t h a n  t h e  o t h e r  
models.  F i g u r e  13 shows how t h e  r e s u l t s  v a r y  f o r  these  codes 
i n  terms of  o u t e r  wal l  s t a t i c  p r e s s u r e  c o e f f i c i e n t s  and  how 
e a c h  c o m p a r e s  w i t h  d a t a  f rom a n  a i r  f low tes t .  I n  t h i s  case,  
t h ree  o f  t h e  c o d e s  compare  f a i r l y  w e l l ,  t h e  f o u r t h  l e s s  so .  
A l s o ,  t h e  number o f  g r i d  p o i n t s  d o e s  n o t  a p p e a r  t o  make a 
g r e a t  deal  of  d i f f e r e n c e .  O f  c o u r s e ,  f o r  o t h e r  s i t u a t i o n s  
t h e  r e l a t i v e  a c c u r a c y  o f  codes sometimes d i f f e r s .  A s  w i t h  
a l l  f low o r  s t r u c t u r a l  models ,  t h e  c o m p a r i s o n  w i t h  t h e  t e s t  
da t a  i s  t h e  b e s t  bas i s  o f  v a l i d a t i o n .  The h o t  g a s  m a n i f o l d  
was a n  e x c e l l e n t  benchmark problem b e c a u s e  i t  b r o u g h t  o u t  t h e  
s t r e n g t h s  and  w e a k n e s s e s  i n  t h e s e  c o d e s .  Also,  b e c a u s e  t h i s  
p a r t  o f  t h e  e n g i n e  was s u b j e c t  t o  r e d e s i g n ,  we were ab le  t o  
mount a n  e x t e n s i v e  se r ies  o f  c o l d  g a s  and h o t  f i r e  t e s t s  a t  
f u l l  s ca l e  and  water f l o w  t e s t s  a t  o n e - h a l f  s ca l e .  These  
l a t t e r  were e s p e c i a l l y  u s e f u l  i n  v i s u a l i z i n g  t h e  f low 
p a t t e r n s .  A t y p i c a l  o n e - h a l f  s c a l e  water flow model t e s t  i s  
shown i n  F i g u r e  14. T h i s  c o m b i n a t i o n  of t e s t s  allows u s  t o  
v e r i f y  f low s c a l i n g  as  wel l  as t o  make maximum u s e  o f  t h e  
c h e a p e r  and s i m p l e r  a i r  and  water f low tes t s ,  r e s e r v i n g  h o t  
f i r e  tes ts  f o r  f i n a l  v e r i f i c a t i o n .  S i m i l a r  a p p r o a c h e s  h a v e  
b e e n  u s e d  i n  s t u d y i n g  t h e  S o l i d  Rocket Motor  r e d e s i g n e d  f i e l d  
and n o z z l e - t o - c a s e  j o i n t s  and  h a v e  c o n t r i b u t e d  g r e a t l y  t o  o u r  
c o n f i d e n c e  i n  t h e  a b i l i t y  o f  t h e  r e d e s i g n  t o  o p e r a t e  s a f e l y .  

A n o t h e r  area of i n t e n s i v e  CFD a c t i v i t y  i s  i n  t u r b i n e  
f low.  A t y p i c a l  CFD a n a l y s i s  o f  p r e s s u r e  d i s t r i b u t i o n s  on 
t h e  h i g h  p r e s s u r e  f u e l  tu rbopump t u r b i n e  b l a d e s  i s  shown i n  
F i g u r e  15. T h i s  a n a l y s i s  h a s  b e e n  e x t e n d e d  t o  a n  a n i m a t i o n  
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showing  t h e  v a r i a t i o n  of  p r e s s u r e  and  thermal  l o a d s  on  t h e  
r o t o r  b l a d e s  as t h e y  p a s s  t h e  s t a t o r  b l a d e s .  R e s u l t s  of 
these  a n a l y s e s  were u s e d  as i n p u t s ,  a l o n g  w i t h  c e n t r i f u g a l  
f o rces ,  t o  a combined  stress and  thermal a n a l y s i s  of t h e  
b l a d e s .  The b l a d e s  were modeled s t r u c t u r a l l y  u s i n g  t h e  A N S Y S  
p rogram.  A t w o - d i m e n s i o n a l  a n a l y s i s  u s e d  n o n l i n e a r  mater ia l  
p r o p e r t i e s  a n d  b i l i n e a r  g a p  e l e m e n t s  c o n n e c t i n g  t h e  b l a d e  a n d  
d i s k  s t r u c t u r e s .  The t h r e e - d i m e n s i o n a l  m o d e l s  u s e d  
l i n e a r - o r t h o t r o p i c  p r o p e r t i e s ,  a s u b s t r u c t u r e d  d i s k  a n d  
b i l i n e a r  g a p  e l e m e n t s .  Geometry o f  t h e  b l a d e  i s  shown i n  
F i g u r e  1 6 ;  t h e  lower p a r t ,  which  f i t s  i n t o  t h e  w h e e l ,  i s  
c a l l e d  t h e  f i r  t r ee  b e c a u s e  of i t s  s h a p e .  

Some t y p i c a l  r e s u l t s  a re  shown i n  F i g u r e s  17 a n d  18. 
F i g u r e  17 shows r e s u l t s  f rom a t w o - d i m e n s i o n a l  a n a l y s i s  o f  a 
b l a d e / d i s k  model  w i t h  n o n l i n e a r  mater ia l  p r o p e r t i e s .  The 
b o u n d a r i e s  i n c l u d e  f r i c t i o n l e s s  b i l i n e a r  g a p  e l e m e n t s  w i t h  
u n i f o r m  c o n t a c t  on a l l  m a t i n g  s u r f a c e s .  The l o a d i n g  i s  
g e n e r a t e d  b y  c e n t r i f u g a l  f o r c e  and  power b e n d i n g  stresses a t  
f u l l  power l e v e l  s t e a d y - s t a t e  c o n d i t i o n s .  The r e s u l t s ,  
zoomed i n  o n  a l o c a l  area f o r  d e t a i l ,  show a h i g h l y  l o c a l i z e d  
r e g i o n  o f  h i g h  stress i n  t h e  f i r  t r e e  area o f  c o n t a c t  w i t h  
t h e  d i s k ,  shown i n  r e d ,  s p r e a d i n g  t h r o u g h  a y e l l o w  area 
d e n o t i n g  lower stress a n d  t h e n  t o  a r e l a t i v e l y  u n i f o r m  stress 
f i e l d .  F i g u r e  18 i s  t h e  b i g  p i c t u r e  from w h i c h  t h e  blow-up 
o f  F i g u r e  17 was t a k e n ;  t h i s  f i g u r e  shows s l i c e s  t h r o u g h  t h e  
e n t i r e  area o f  t h e  s e c o n d  s t a g e  f i r  t r e e  from t r a i l i n g  e d g e  
(lower l e f t )  t o  l e a d i n g  e d g e  ( u p p e r  r i g h t ) .  These r e s u l t s  
a re  b a s e d  o n  a t h r e e - d i m e n s i o n a l  b l a d e / s u b s t r u c t u r e d  d i s k  
model u s i n g  l i n e a r - o r t h o t r o p i c  mater ia l  p r o p e r t i e s .  The 
b o u n d a r i e s  i n c l u d e  b i l i n e a r  g a p  e l e m e n t s  w i t h  u n i f o r m  c o n t a c t  
o n  a l l  m a t i n g  s u r f a c e s .  The l o a d i n g  i n c l u d e s  c e n t r i f u g a l  
f o rces ,  power b e n d i n g  p r e s s u r e s  a n d  thermal g r a d i e n t s  a t  f u l l  
power l e v e l  s t e a d y - s t a t e .  The c o n t o u r  p l o t s  d e p i c t  t h e  
p r i n c i p a l  s t r a i n  l e v e l s  on  each s l i c e .  The p a t t e r n  o f  
r e d u c t i o n  o f  s t r a i n  i n  t h e  body of t h e  f i r  t r e e  as  o n e  
p r o g r e s s e s  from t h e  t r a i l i n g  t o  l e a d i n g  e d g e  i s  a p p a r e n t .  
The s t r a i n s  shown h e r e  a re  d r i v e n  l a r g e l y  b y  t h e r m a l  l o a d s  
a n d ,  h e n c e ,  show a s u b s t a n t i a l  decrease g e n e r a l l y  from l e f t  
t o  r i g h t  i n  t h e  f i g u r e ,  w h i c h  c o r r e s p o n d s  t o  g o i n g  f rom t h e  
h i g h l y  h e a t e d  t r a i l i n g  e d g e  toward t h e  l e s s  h e a t e d  l e a d i n g  
e d g e .  The  area i n  w h i c h  t h e  cracks h a v e  b e e n  o c c u r r i n g  i s  a t  
t h e  r o o t  of  t h e  f i r  t r e e  n o t c h  as shown b y  t h e  r e d .  T h i s  
c o r r e s p o n d s  t o  t h e  blow-up shown e a r l i e r .  These p a t t e r n s  o f  
s t r a i n  g i v e  u s e f u l  c l u e s  t o  e x p l a i n  t h e  c racks  which  h a v e  
o c c u r r e d  i n  t h e  b l a d e s  d u r i n g  t e s t .  The f i n e - g r a i n  s t r a i n  
d e f i n i t i o n  i s  p a r t i c u l a r l y  u s e f u l  i n  d e t e r m i n i n g  g r a d i e n t s .  

As c a n  b e  s e e n  f rom t h e  SSME p r o g r a m ,  a n d  i t  i s  
i n c r e a s i n g l y  t r u e  f o r  a l l  o u r  p r o g r a m s ,  e x t r e m e l y  l a rge  
a m o u n t s  of d a t a  a re  b e i n g  s t o r e d .  And t h e  s t a t i s t i c a l '  
i n f o r m a t i o n  c o n t a i n e d  w i t h i n  t h a t  da ta  o f t e n  i s  t h e  k e y  t o  
e s t a b l i s h i n g  t h e  a l lowable time be tween  r e p l a c e m e n t  of k e y  
p a r t s  as w e l l  as t h e  v i b r a t i o n  l e v e l s  t o  w h i c h  c o m p o n e n t s  
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m u s t  b e  q u a l i f i e d .  P a r t i c u l a r l y  i n  t h e  SSME, where  many 
p a r t s  are  s u b j e c t e d  t o  a s e v e r e  c o m b i n a t i o n  of  h i g h  
t e m p e r a t u r e s  a n d  h i g h  mean stress p l u s  f l u c t u a t i n g  stress, 
w e  c a n  o n l y  c o n t i n u e  t o  o p e r a t e  t h e  e n g i n e s  f o r  m u l t i p l e  u s e  
by  r e l y i n g  on  a d a t a  base o f  f l i g h t  and  g r o u n d  t e s t  da ta .  
The da t a  s y s t e m  w e  h a v e  d e v e l o p e d ,  a p a p e r  on  w h i c h  w i l l  b e  
g i v e n  l a t e r  i n  t h e  symposium, f i r s t  c o n n e c t s  t h e  Rocke tdyne  
and  N a t i o n a l  S p a c e  T e c h n o l o g y  L a b o r a t o r i e s  ( N S T L )  t e s t  data  
a c q u i s i t i o n  s y s t e m s  w i t h  t h e  MSFC da ta  e v a l u a t i o n  t h r o u g h  
h i g h - r a t e  (1.544MB) s a t e l l i t e  l i n k s .  The  two main  u s e s  o f  
t h e  s y s t e m  a re  as  a q u i c k  t u r n a r o u n d  scheme f o r  r e d u c t i o n  and  
e v a l u a t i o n  of  e n g i n e  t e s t  da t a  a n d  as  a s t o r a g e  a n d  r e t r i e v a l  
s y s t e m  f o r  t h e  e n t i r e  a r c h i v e s  of e n g i n e  t e s t  da t a .  The 
f o r m e r  u s e  a l l o w s  u s  t o  r e d u c e  t h e  s p a c i n g  be tween  tests b y  
s p e e d i n g  up t h e  p r o c e s s  o f  e v a l u a t i n g  t h e  da t a  f rom t h e  l a s t  
t e s t .  T h e  l a t t e r  c a p a b i l i t y  a l lows u s  t o  m a n i p u l a t e  data  a n d  
e v a l u a t e  t r e n d s  f o r  i n d i v i d u a l  e n g i n e s  o r  componen t s  o r  
families o f  e n g i n e s .  The t y p e s  a n d  u s e s  o f  t h e  da t a  a re  
shown i n  F i g u r e  1 9 ;  each t y p e  o f  d a t a  i s  u s e f u l  f o r  a 
p a r t i c u l a r  a s p e c t  of  a n a l y s i s .  S t a t i s t i c a l  i n f o r m a t i o n  c a n  
be  o b t a i n e d  as  well  t h r o u g h  a n a l y s i s  of t h e  d a t a .  W i t h o u t  
s u c h  a la rge  e f f i c i e n t  da ta  s y s t e m ,  t h e r e  s i m p l y  would b e  no  
way t o  f u l l y  u t i l i z e  t h e  d a t a  base w h i c h  c o n t a i n s  many 
c h a n n e l s  o f  data  from h u n d r e d s  o f  e n g i n e  t e s t s  a n d  i s  g r o w i n g  
r a p i d l y .  The r e m a i n i n g  c h a l l e n g e  i s  t o  b r i n g  out t h e  f u l l  
p o t e n t i a l  of  t h e  s y s t e m  a n d  t o  seek b e t t e r  d i s p l a y  a n d  
m a n i p u l a t i o n  m e t h o d s  f o r  t h e  s y s t e m .  I n  d o i n g  s o ,  w e  w i l l  
l e a n  on  t h e  e x p e r i e n c e  g a i n e d  w i t h  o t h e r  data  bases s u c h  as 
o u r  c o m p u t e r i z e d  v i b r o a c o u s t i c  d a t a  bank .  T h i s  da ta  bank  i s  
u s e d  t o  p r e d i c t  s t r u c t u r a l  r e s p o n s e  t o  a c o u s t i c s  f o r  p a y l o a d s  
a n d  l a u n c h  v e h i c l e  e l e m e n t s  b y  s i m i l a r i t y  w i t h  e l e m e n t s  o f  
S a t u r n  V ,  T i t a n  I11 a n d  S h u t t l e .  F i g u r e  20 shows how t h e  
da t a  bank  i s  u s e d  t o  d e v e l o p  a c o u s t i c  s c a l i n g  f ac to r s  b y  
c o m p a r i n g  t h e  m e a s u r e d  e n v i r o n m e n t  o f  t h e  r e f e r e n c e  v e h i c l e  
w i t h  t h e  model t e s t  a c o u s t i c  e n v i r o n m e n t  of t h e  new v e h i c l e .  
Compar i son  of  t h e  s t r u c t u r a l  a n d  mass c o n f i g u r a t i o n s  
s i m i l a r l y  p r o d u c e s  s t r u c t u r a l  s ca l e  f a c t o r s .  U s i n g  these  
sca le  f a c t o r s  a n d  t h e  m e a s u r e d  random v i b r a t i o n  o f  t h e  
r e f e r e n c e  v e h i c l e ,  t h e  random v i b r a t i o n  of t h e  new v e h i c l e  
c a n  b e  p r e d i c t e d .  The p r e d i c t i o n  i s  c a l c u l a t e d  a n d  d i s p l a y e d  
as a r e s p o n s e  s p e c t r u m .  T h i s  s y s t e m  h a s  b e e n  a n  o u t s t a n d i n g  
s u c c e s s ,  b o t h  i n  i n c r e a s e d  p r o d u c t i v i t y  a n d  i n  p r o d u c i n g  a 
p r o d u c t  t h e  p r e c i s i o n  of w h i c h  i s  s u p e r i o r  t o  t h a t  f rom 
p r e v i o u s  manua l  t e c h n i q u e s .  

F o r  t h e  f i n a l  c h a l l e n g e ,  I would l i k e  t o  s h i f t  s u b j e c t s  
somewhat t o  t h e  area o f  c o n t r o l - s t r u c t u r e  i n t e r a c t i o n .  T h i s  
i s  becoming a d i s c i p l i n e  i n  i t s e l f ,  as  opposed t o  a 
s e p a r a t i o n  o f  s t r u c t u r a l  d y n a m i c s  a n d  c o n t r o l  d y n a m i c s ,  
b e c a u s e  of t h e  i n t e n s i v e  i n t e r a c t i o n  b e t w e e n  t h e  two 
d i s c i p l i n e s .  The Hubb le  Space T e l e s c o p e  a n d  e v e n  more so  t h e  
S p a c e  S t a t i o n  a re  f l i g h t  p r o j e c t s  i n  which  p o i n t i n g  c o n t r o l  
i n t e r a c t s  c r i t i c a l l y  w i t h  s t r u c t u r a l  m o t i o n  o r  a t t i t u d e  
c o n t r o l  r e a c t i o n  wheels.  I n  t h e  case o f  t h e  T e l e s c o p e ,  
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s p e c i a l  i s o l a t o r s  were u s e d  t o  r e d u c e  t h e  f e e d - t h r o u g h  of  
v i b r a t i o n  f rom t h e  r e a c t i o n  w h e e l s .  T h i s  was a p rob lem 
somewhat d i f f e r e n t  from t h e  n o r m a l  nar row-band i s o l a t i o n  of 
l a r g e  fo rces  i n  t h a t  t h e  f o r c e s  were q u i t e  small ( e . g . ,  t h e  
n o i s e  f o r  a c a r e f u l l y  s e l ec t ed  b e a r i n g ) .  A similar  g e n e r i c  
l a r g e  s p a c e  s t r u c t u r e  c o n c e p t  has b e e n  d e v e l o p e d  a t  MSFC t o  
u s e  o b t r u s i v e  s e n s o r s  a n d  e f f e c t o r s  f o r  r i g i d  body  a n d  
v i b r a t i o n a l  c o n t r o l ;  i t  i s  shown i n  F i g u r e  2 1 .  The t e s t  
s p e c i m e n  i s  a 20 meter d e p l o y a b l e  mast a f o u r  meter c r u c i f o r m  
mounted o n  c o n t r o l  g i m b a l s .  The e f f e c t o r  o r  e l e m e n t s  are  
l i n e a r  momentum e x c h a n g e  d e v i c e s  w i t h  a c c e l e r o m e t e r s  a s  
s e n s o r s .  The r e s u l t s  shown i n  F i g u r e  22  i n d i c a t e  t h e  
improved  damping  of m o t i o n  when t h e  c o n t r o l  l o o p  i s  c l o s e d .  
The s y s t e m  which  was t e s t e d  had 15 modes b e l o w  2 . 5  Hz a n d  
damping o f  t h e s e  modes was 1 .5  p e r c e n t  o r  l e s s .  More 
a d v a n c e d  t e c h n i q u e s  t h a n  t hese  a re  u n d e r  d e v e l o p m e n t  
i n c l u d i n g  t h e  u s e  o f  u n o b t r u s i v e  e f f ec to r s ;  i n  o u r  f i r s t  
e x p e r i m e n t s  a p i e z o - e l e c t r i c  po lymer  was u s e d .  A 0.1  o u n c e  
e f f e c t o r  was ab le  t o  q u i c k l y  damp o u t  t h e  r e s p o n s e  o f  a 
c a n t i l e v e r  beam w i t h  a 4 l b  mass a t tached  a t  t h e  t i p .  We 
h a v e  b e e n  b u i l d i n g  a l a b o r a t o r y  w i t h  expanded  c a p a b i l i t i e s  
f o r  l a r g e r  s p a c e  s t r u c t u r e s  t o  t e s t  new c o n c e p t s  a n d  a l s o  
w i l l  b e  u s i n g  a f l a t  f l o o r  f a c i l i t y  t o  p e r m i t  u n r e s t r a i n e d  
m o t i o n  i n  t h e  h o r i z o n t a l  p l a n e .  T h i s  l a b o r a t o r y  w i l l  h e l p  u s  
meet t h e  c h a l l e n g e  o f  u s i n g  c losed  l o o p  c o n t r o l  t e c h n i q u e s  t o  
s u p p l y  t h e  damping  r e q u i r e d  f o r  many a p p l i c a t i o n s  we c a n  
f o r e s e e .  

SUMMARY 

These e x a m p l e  c h a l l e n g e s  r e p r e s e n t  o n l y  a small f r a c t i o n  
o f  t h e  p r o b l e m s  f a c i n g  o u r  p r o g r a m s ,  b e c a u s e  w e  i n  t h e  s p a c e  
p r o g r a m ,  j u s t  as o t h e r  members of t h e  d y n a m i c s  communi ty ,  
seek t o  p u s h  t h e  b o u n d a r i e s  o f  o u r  c a p a b i l i t i e s  o u t w a r d  t o  
accompl ish  t h i n g s  t h a t  h a v e  n o t  b e e n  d o n e  b e f o r e .  We r u n  
t u r b o p u m p s  a t  h i g h e r  s p e e d s  a n d  t h u s  p r o d u c e  h i g h e r  stresses 
which  r e q u i r e  new materials,  and  s o  o n .  We are  b u i l d i n g  
e v e n  l a r g e r  s p a c e  v e h i c l e s ,  g e o s t a t i o n a r y  p l a t f o r m s  a n d  a 
s p a c e  s t a t i o n ,  a n d  c r e a t i n g  new s t r u c t u r a l  c o n c e p t s ,  e v e n  
e x o t i c  mater ia l s ,  i n  o r d e r  t o  meet all t h e  c h a l l e n g e s  t h e s e  
s t r u c t u r e s  p r o d u c e .  Adding damping  t o  a s t r u c t u r e  t h r o u g h  
a c t i v e  c o n t r o l  b r i n g s  y e t  a n o t h e r  a s p e c t  t o  s t r u c t u r a l  
p r o p e r t i e s .  We h a v e  b e e n  a b l e  t o  s u c c e e d  b e c a u s e  o f  t h e  
e x p e r i e n c e  we h a v e  g a t h e r e d  from e a r l i e r  work .  Bu t  f o r  t h i s  
work t o  b e  as u s e f u l  as  p o s s i b l e ,  we h a v e  t o  o r g a n i z e  t h e  
r e s u l t s  a n d  a n a l y z e  them.  T h a t  i s  why we c a n  e x p e c t  t o  see 
e v e n  more e m p h a s i s  o n  d a t a  bases and  a u t o m a t e d  a n a l y s i s ,  as 
wel l  as i n c r e a s e d  s t a t i s t i c a l  i n f e r e n c e .  We need  t o  p l a n  
these  da t a  base s y s t e m s  c a r e f u l l y  so  t h a t  t h e y  become t h e  
t o o l s  we n e e d  b e c a u s e  t h e  e x p e n s e  o f  m a i n t a i n i n g  them w i l l  be  
g r e a t  i f  t h e y  are  u n w i e l d y  a n d  t h e r e  w i l l  b e  e x t r e m e  
d i f f i c u l t i e s  i n  m o d i f y i n g  a s y s t e m  t h a t  does n o t  g i v e  u s  t h e  
n e e d e d  o u t p u t .  

11 



The area o f  t e s t i n g  o f  models a n d  p r o t o t y p e s  i s  g e t t i n g  
e v e n  more i n t e r e s t i n g  f o r  u s  t h a n  i t  h a s  b e e n  b e c a u s e  o f  t h e  
c o m b i n a t i o n  of z e r o - g r a v i t y  e n v i r o n m e n t  and  l a r g e  s t r u c t u r e  
( e . g . ,  s p a c e  s t a t i o n ) .  The d i f f i c u l t y  a n d  e x p e n s e  o f  u s i n g  
s t a n d a r d  m e t h o d s  p r e c l u d e s  t h e  c o m p l e t e  modal  s u r v e y  t h a t  
t r a d i t i o n a l l y  h a s  b e e n  u s e d .  Impedance  t e s t i n g  i s  o n l y  o n e  
o f  t h e  a l t e r n a t e  t e c h n i q u e s  u n d e r  c o n s i d e r a t i o n ;  t h e r e  a l s o  
a re  new measuremen t  t e c h n i q u e s  s u c h  as l i d a r s  which  must  b e  
i n c l u d e d  i n  o u r  t h i n k i n g .  And some t e s t i n g  mus t  b e  d o n e  i n  
s p a c e  b e c a u s e  t h i s  i s  t h e  f i r s t  time t h a t  l a r g e  s t r u c t u r e s  
s u c h  as  t h e  s p a c e  s t a t i o n  w i l l  e x i s t  as a t o t a l  s y s t e m .  

N e w  i n s t r u m e n t a t i o n  f o r  i n t e r n a l  f low a n d  c o m b u s t i o n  
p r o c e s s e s  i n  e n g i n e s  i s  b e g i n n i n g  t o  y i e l d  more a c c u r a t e  a n d  
much f i n e r  g r a i n e d  p r e s s u r e  and  t e m p e r a t u r e  i n p u t s  f o r  
a n a l y s i s  o f  dynamic  r e s p o n s e  a n d  stress. The d e v e l o p m e n t  o f  
f i n e r  g r a i n e d  s t r u c t u r a l  a n a l y s i s  has p a r a l l e l e d  t h a t  of CFD 
b e c a u s e  b o t h  a re  c o n s t r a i n e d  b y  t h e  same l i m i t a t i o n :  
a v a i l a b l e  c o m p u t e r  c a p a c i t y .  A s  t h e  t u r b i n e  b l a d e  a n a l y s i s  
showed,  we a re  ab le  t o  u t i l i z e  t h e  new da ta  w i t h  r e a s o n a b l e  
f a c i l i t y .  T h i s  i s  l a r g e l y  b e c a u s e  w e  h a v e  d e v e l o p e d  p r e -  and  
p o s t - p r o c e s s i n g  p r o g r a m s  which e l i m i n a t e  t h e  l a b o r - i n t e n s i t y  
o f  more t r a d i t i o n a l  m e t h o d s  of a n a l y s i s .  Two a s p e c t s  of t h i s  
a p p r o a c h  a re  o f  c o n c e r n  t o  me, however .  The f i r s t  i s  t h a t  we 
t e n d  t o  u s e  o u r  c a p a b i l i t i e s  t o  t h e  l i m i t ,  a n d  t h e r e  a re  
p r o b a b l y  a n a l y s e s  b e i n g  r u n  w h i c h  g o  well  beyond what  i s  
n e e d e d  t o  g e t  t h e  r e q u i r e d  a n s w e r  i n  terms o f  d e p i c t i n g  areas 
which  are  n o t  o f  c o n c e r n  o r  s h o w i n g  d e t a i l  i n  areas where 
stress o r  fo rces  a re  n e a r l y  c o n s t a n t .  The o t h e r  c o n c e r n  i s  
t h a t  t hese  t o o l s  a l l o w  u s  t o  o b t a i n  r e s u l t s  w i t h o u t  f u l l y  
u n d e r s t a n d i n g  what  we a re  d o i n g .  T h i s  a l w a y s  h a s  b e e n  
p o s s i b l e ,  b u t  t h e  t e m p t a t i o n s  g e t  s t r o n g e r  as  t h e  e q u i p m e n t  
g e t s  a u t o m a t e d .  Many of u s  o l d e r  e n g i n e e r s  are  b e g i n n i n g  t o  
l o n g  f o r  t h e  s i g h t  of a f r e e - b o d y  d i a g r a m  a n d  t o  wonder  
whe the r  some o f  t h e  y o u n g e r  o n e s  know what  o n e  i s .  The 
c h a l l e n g e  i s  t o  k e e p  o u r  g r i p  o n  what r e a l l y  i s  h a p p e n i n g  as  
well  as on  t r y i n g  t o  u n d e r s t a n d  what  i s  h a p p e n i n g  i n  t h e  
m i c r o s t r u c t u r e  o f  mater ia l s  now t h a t  we a re  i n  t h e  a g e  o f  
s i n g l e  c r y s t a l  t u r b i n e  b l a d e s ,  f o r  e x a m p l e .  

And t h i s  b r i n g s  me t o  a f i n a l  p o i n t .  I t  a p p e a r s  t h a t  
t h e  d a y  o f  t h e  n a r r o w  s p e c i a l i s t  i s  wan ing .  More and  more, a 
good d y n a m i c i s t  mus t  l e a r n  s o m e t h i n g  a b o u t  t h e  o t h e r  
s p e c i a l t i e s  w i t h  which h e  comes i n  c o n t a c t :  mater ia l s ,  
c o n t r o l  s y s t e m s ,  f l o w  d y n a m i c s ,  da t a  management ,  s t a t i s t i c s ,  
and  o t h e r  s p e c i a l t i e s  we h a v e n ’ t  t o u c h e d  upon.  
i n c r e a s i n g l y  c a n ’ t  s o l v e  o u r  p r o b l e m s  b a s e d  o n  i n p u t s  from 
o n e  g r o u p  and  t h e n  p a s s  o u r  r e s u l t s  on  t o  someone e l se .  
A l t h o u g h  t h i s  c r o s s - f e r t i l i z a t i o n  w i l l  c o m p l i c a t e  o u r  work 
somewhat ,  i t  w i l l  h e l p  u s  immense ly  t o  see t h e  b i g  p i c t u r e  
a n d  i n  so  d o i n g  w i l l  g i v e  u s  i n s i g h t s  a n d  u n d e r s t a n d i n g  f a r  
beyond t h a t  we would  h a v e  as  s p e c i a l i s t s .  
r i che r  f o r  i t .  

We 

We w i l l  be t h e  
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A Commanding Officer's Perspective of Ship Shock Trials 

Carl A. Anderson 

Captain Anderson served as Commanding O f f i c e r ,  USS YOKKTOWN 
(Cti 48), an A E G I S  guided m i s s i l e  c ru i se r ,  from J u l y  1983 t o  June 
1986. He received the  Legion o f  Mer i t  f o r  d i sp lay ing  
"ex t raord inary  leadership and profess ional ism i n  gu id ing  USS 
YORKTOWN through commi s s i o n i  ng, predepl oyment workups, and an 
eight-month Mediterranean and Black Sea deployment," descr ibed by 
the  Chief  o f  Naval Operations as a modern-day odyssey. Captain 
Anderson has been Commander, Naval Surface Warfare Center, s ince  
August 1986. 

TEXT OF ADDRESS 

It i s  indeed a pleasure t o  be w i t h  you today. Your Shock and V ib ra t i on  
Symposi um has a 1 ong and d i  s t i  ngui shed record o f  bu i  l d i  ng techn ica l  excel 1 ence i n t o  
many d iverse  and c r i t i c a l  systems. 
from DOD, indus t ry ,  and the  u n i v e r s i t i e s ;  f o s t e r i n g  cooperat ion on t h e  i n t e r n a t i o n a l  
l e v e l  ; and consider ing mutual ob jec t ives  i n  modern technology. I hope t h i s  unique 
forum w i l l  cont inue f o r  many years t o  come. 

Once again, you a re  b r ing ing  together  people 

Your theme today, "New Horizons i n  Dynamics," i s  most appropr ia te t o  an e ra  
t h a t ' s  b r i ng ing  rap id  changes t o  our  products and our  methodology. 
r e f e r  t o  t h i s  as the  "Revolut ion a t  Sea." It i s ,  i n  e f f e c t ,  r e v o l u t i o n i z i n g  our 
combat system and p la t fo rm design, manufacturing, and tes t ing .  But more 
s i g n i f i c a n t l y ,  i t  i s  r e v o l u t i o n i z i n g  the  nature o f  sur face warfare. With 
soph is t i ca ted  systems such as A E G I S  now i n  the  f l e e t ,  t h e  Navy no longer  th inks  i n  
terms o f  i n d i v i d u a l  weapons, bu t  ra the r  i n  terms o f  i n teg ra ted  weapons systems and 
plat forms. 
i n  which they are  employed. 

We i n  the  Navy 

The concept o f  t he  b a t t l e  group a l so  a f f e c t s  these systems and the  ways 

ONE COMMANDING OFFICER'S OUTLOOK ON SHOCK TESTING H I S  S H I P  

The shock t r i a l s  o f  USS YOKKTOWN i n  1984 i l l u s t r a t e  several aspects o f  t h i s  
r e v o l u t i o n  a t  sea. YORKTOWN was the  second o f  a new c lass  o f  c ru isers .  I t s  A E t i I S  
combat system i s  capable o f  detect ing,  c l a s s i f y i n g ,  and t r a c k i n g  m u l t i p l e  ta rge ts  i n  
t h e  a i r ,  on t h e  surface, and under the  sea. I n  shor t ,  t h i s  i s  a new k i n d  of sh ip  
w i t h  revo lu t i ona ry  i n t e r a c t i o n  among combat systems, the  p la t form,  and the  b a t t l e  
group. As t he  f i r s t  ship o f  i t s  c lass  t o  undergo shock t r i a l s ,  YORKTOWN'S 
performance would have c r i t i c a l  imp l i ca t i ons  f o r  t he  e n t i r e  ship c lass.  
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As f a r  as I was concerned, being Commanding O f f i c e r  o f  YORKTUWN was t h e  best j o b  
i n  the  Navy. I n  fac t ,  when I got  the  word about the  forthcoming shock t r i a l s ,  my 
immed:'ate reac t i on  was: If my sh ip  gets blown up I might have t o  spend my e n t i r e  
operat ional  command i n  the  shipyard! Rut I soon rea l i zed  there  were two approaches 
I could take  i n  prepar ing fo r  t h e  t r i a l s .  
approach, i n  which the  measurement of success i s  confined t o  engineer ing 
cons idera t ions  ( p r i n c i p a l l y ,  i d e n t i f i c a t i o n  of f a i l u res ) .  O r  on t h e  o the r  hand, I 
could take  the  a c t i v e  approach: 
response--bringing i n  t h e  human element. 

The f i r s t  op t i on  was t h e  passive 

adding measurements of readiness and crew 

Underwater shock t e s t s  p rov ide  an experience very c lose  t o  actual  warfare. You 
get  t he  same e f f e c t  as a near miss---and t h a t  can be very des t ruc t i ve  i n  combat. 
And so, measuring the  human f a c t o r  dur ing  these t r i a l s  would a l l ow  us t o  c a p i t a l i z e  
on a very r e a l i s t i c  t r a i n i n g  opportuni ty.  We would there fore  work on our a b i l i t y  t o  
succes fu l l y  repa i r ,  t o  recover, and t o  f i g h t  t h e  ship. T ra in ing  t o  " r e a l i t y "  i s  an 
exce l l en t  way t o  avoid the  p r i n c i p l e  o f  cascading casua l t ies ,  wherein one mater ia l  
casua l ty  leads i n  rap id  succession t o  s t i l l  others. Even before t h e  shock t r i a l s ,  I 
had i n j e c t e d  a measure o f  r e a l i t y  i n t o  our experience by shu t t i ng  o f f  t he  fue l  valve 
t o  the  main generator and observing the  crew's react ion.  

And f i n a l l y ,  I intended t o  measure the  t e s t s  no t  i n  terms o f  f a i l u r e ,  bu t  i n  
terms o f  vict0r.y ... and v i c t o r y  demanded t h e  a c t i v e  approach, w i t h  a l l  t h e  e x t r a  
e f f o r t  and ca l cu la ted  r i s k s  t h a t  i t  implied. 

An anc ien t  Chinese proverb holds t h a t  "The more you sweat i n  peace, t h e  l e s s  you 
bleed i n  war." 
The d i g i t a l  wor ld o f  t he  l a t e  Twentieth Century boasts i n t e r c o n t i n e n t a l  m i s s i l e s  
capable o f  spanning the  A t l a n t i c  i n  minutes. 
decreasing increments, any major c o n f l i c t  w i l l  be a "come-as-you-are war." The t ime 
t o  prepare i s  before the  c r i s i s . .  . a r r i v i n g  unprepared f o r  t he  come-as-you-are war i s  
tantamount t o  no t  showing up a t  a l l !  

I n  a ver.y rea l  sense, we need t o  apply t h a t  wisdom t o  our t ra in ing .  

With s t r i k e  t ime computed i n  ever 

PREPARATIONS FOR THE SHOCK TRIALS 

Our bas ic  preparat ions began two years before the  t r i a l s ;  t he  crew a c t u a l l y  
p a r t i c i p a t e d  f o r  fourteen months. We had t o  be ready j u s t  two months a f t e r  YOKKTOWN 
was commissioned. Three major considerat ions were s i t e  readiness, sh ip  readiness, 
crew readiness. 
Canaveral , Flor ida ,  w i t h  an a1 t e r n a t e  t e s t  s i t e  20 m i les  South o f  Key West. As i t  
happened, Hurricane Diana intervened, so we d i d  indeed move t o  the  back-up s i t e  f o r  
the  f o u r t h  and f i n a l  shot. 

The s i t e  selected f o r  t h e  t r i a l s  was about 65 m i les  East o f  Cape 

Developing the  Shock Team and g e t t i n g  them t h e  support they needed was a primary 
concern. In tegra ted  t r a i n i n g  was a cooperat i  ve e f f o r t  among YORKTOWN, 
COMNAVSURFLANT Tra in ing  Commands, and NAVSEA personnel. I n  a l l ,  over 700 people 
were invo lved from the  beginning o f  i n - p o r t  preparat ions up through the  l a s t  
detonation. They included people from NAVSEA, NAVELEX, I S E A ,  manufacturers, and 
contractors.  About 140 of those rode the sh ip  on shot days. These d iverse  groups 
developed i n t o  a great team and shared i n  a l l  our object ives.  
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As f o r  sh ip  readiness and crew readiness, i t ' s  almost impossible t o  achieve one 
w i thout  t he  other. 
f i g h t i n g  the  ship. We devised two systems t o  inspec t  a l l  spaces: v e r t i c a l  and 
hor izon ta l .  Compartment check-of f  sheets were prepared p r i o r  t o  examination o f  
every compartment t o  see i f  i t  could survive. 
I was p r a c t i c i n g  o v e r k i l l  w i t h  these d e t a i l e d  preparations. But i t  was very 
i n s t r u c t i v e  t h e  day we t o r e  down some o f  t he  equipment and discovered some th ings  
t h a t  would no t  have survived had we no t  adhered t o  our  plans, which gave us t h e  
oppor tun i ty  t o  take  remedial act ion.  For example, we found and cor rec ted  a cable 
arrangement t h a t  might we l l  have resu l ted  i n  a f i r e .  Another concern was t h a t  t h e  
f i r e  re ta rdant  doors throughout t h e  sh ip  weren't  capable o f  passing a shock tes t .  
We were ab le  t o  prove ou t  a new hatch c losure  design t h a t  d i d  remain operat ional  
throughout t h e  t r i a l s .  

The human/engi neer i  ng i n t e r f a c e  i s extremely important i n 

There were times when my crew thought 

We a l s o  had t o  decide what t o  keep aboard and what t o  o f f load .  YORKTOWN c a r r i e d  
more than two-thousand i tems o f  t e s t  equipment t h a t  were no t  shock hardened; t h e  
normal procedure i s  t o  remove a l l  t h i s  gear before a shock t r i a l .  But i n  r e a l i t y ,  
we would need t h a t  t e s t  equipment dur ing  the  course o f  the  t r i a l s - - - j u s t  as we would 
need i t  du r ing  actual  warfare. So we took a ca l cu la ted  r i s k :  we kept  i t  aboard; we 
designed spec ia l  racks f o r  i t ;  and i t  survived w i t h  on ly  one piece o f  equipment ou t  
o f  c a l i b r a t i o n .  The rack design was a c t u a l l y  so successful t h a t  i t  w i l l  probably 
save the  Navy more money than was spent on the  shock t r i a l s .  

"CSOSS" became a major f a c t o r  i n  our preparations. This i s  an idea borrowed 
from the  engineer ing wor ld and app l ied  t o  the  combat system. I n  essence, i t ' s  a 
Combat System Operational Sequencing System fo r  i n i  t i  a1 i z a t i  on and casua l ty  
r e s t o r a t i o n  o f  t he  combat system equipments. CSOSS ensured t h a t  a l l  operators and 
techn ic ians  used p rec i se l y  t h e  same procedures when dea l ing  w i t h  equipment. 

A l l  phases o f  our operat ions were monitored and reported t o  a s i n g l e  shock 
t r i a l s  p r o j e c t  manager, who communicated w i t h  the  C O  on a l l  face ts  o f  t h e  t r i a l s .  
And f i n a l l y ,  we prepared f o r  heavy weather---a chal lenge t o  both crew and ship, as 
any s h i p r i d e r  can t e l l  you. 

We spent a l o t  o f  t ime dev i s ing  ways t o  f i g h t  t h e  ship. One o f  my s a i l o r s  made 
the  mistake o f  saying t h a t  we cou ld  hard ly  expect t o  be as ready f o r  t he  l a s t  shot 
as f o r  t h e  f i r s t .  I immediately seized the  oppor tun i ty  t o  g ive  an extemporaneous 
l e c t u r e  on Victory.  We were not ,  I thundered, going i n t o  t h i s  w i t h  negat ive 
expectat ions. Our goal was v i c t o r y ,  and t h a t  meant No Cumulative E f f e c t s ,  No 
Cascading Casual t ies---a1 ways repai  r before the  next shot. 

As we moved c l o s e r  t o  t h e  date o f  t h e  t r i a l s ,  t h e r e  was t o t a l  commitment on t h e  
p a r t  o f  t he  e n t i r e  crew, as we l l  as the  shock t e s t  team. The crew was determined t o  
f i g h t  t h i s  sh ip  through t h e  tes ts .  We had a l l  learned from our  preparat ions,  and 
t h a t  experience had become an i n s p i r a t i o n a l  one. 

THE SHOCK TRIAL EXPERIENCE 

YOKKTOWN entered the  t r i a l s  f u l l y  capable i n  a l l  warfare areas. Our goal was t o  
ma in ta in  C - 1  readiness i n  every mission area p r i o r  t o  every shot. The i d e a l  was no 
ma te r ia l  casual t ies - - -a l low ing  t h e  sh ip  t o  cont inue t rack ing ,  l i n k i n g ,  
communicating, and s imu la t ing  surface, a i r ,  and subsurface engagements. Rut i n  t h e  
event o f  a casual ty,  t he  f i r s t  p r i o r i t y  would be system res to ra t i on ,  fo l lowed by 
shock damage assessment i n  each mission area. 
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Basical  l y  , t h e  t r i  a1 s cons is ted of four  underwater explosions, each o f  
increas ing sever i ty .  I n  readiness f o r  Shot One, YOKKTOWN was a t  General Quar ters ,  
t rack ing  a i r ,  surface, and subsurface targets.  We were supported by: 

--F-14 a i r c r a f t ,  as  radar ta rge ts  and data l i n k s  

--EP-3A EMPASS a i r c r a f t ,  t o  evaluate RF r a d i a t i o n  emi t te rs  

--Lear Je t  a i r c r a f t ,  t o  evaluate c lose- in  weapon system t r a c k i n g  
performance and communicati on w i t h  SM-2 M i  s s i  l e s  

--USS SCOTT (DDG-995),  f o r  LAMPS MK I helo  support; and t o  a c t  as t a r g e t  
f o r  sur face search sensors; t o  monitor e l e c t r o n i c  emissions 

--ILSS Char1 eston (LKA-113), expl o s i  ve charge hand1 i ng and he1 o support 

--Navy EOD Team, r i g g i n g  charges and making underwater h u l l  inspect ions.  
(A f i r s t :  underwater video monitor ing,  i n c l u d i n g  video tape recording.) 

--Coast Guard p a t r o l  c r a f t ,  t o  d i v e r t  o ther  c r a f t  from area 

--USNS MOHAWK (T-ATF 170), f o r  area su rve i l l ance  and t o  a c t  as EOD 
operat ions p l a t f o r m  

--Navy he1 0 ' s  and photographers f o r  documentation 

It was a very impressive operat ion,  w i t h  many o f  the  assets dedicated t o  t h e  
impor tant  task o f  gather ing data. 

The actual  detonat ions s ignaled an experience wi thout  para1 l e l .  We experienced 
the  shock waves...the scramble t o  get  a l l  systems up ... and the  p r i d e  o f  f i g h t i n g  the  
sh ip  through cond i t ions  c lose  t o  warfare. 
goals we had se t  f o r  ourselves, we d i d  emerge ba t t l e - tes ted  and batt le-ready. 

Although we d i d  not  accomplish a l l  t h e  
We 

. learned a l o t  about our ship---and a l o t  about ourselves. 

On a l a r g e r  scale, the  t r i a l s  va l ida ted  the  CG 47 c lass  ship design and 
demonstrated t h e  a b i l i t y  o f  complex on-board systems t o  wi thstand shock. 
success fu l l y  restored f i g h t i n g  c a p a b i l i t y  i n  a l l  warfare modes i n  a r e l a t i v e l y  shor t  
time. 
equi Val en t  shock factor .  

YOHKTOWN 

This  performance had never been matched by any sh ip subjected t o  an 

YORKTOWN proceeded then t o  I n g a l l s  shipyard i n  Pascagoula f o r  inspec t ion ;  t o  
undergo operat ional  t e s t s  t o  de f i ne  the  shock e f f e c t s ;  and f o r  r e s t o r a t i o n  t o  the  
p r e - t r i a l  baseline. 
Four. 

We sa i l ed  from Pascagoula on ly  t h i r t y - f i v e  days a f t e r  Shot 

SUBSEQUENT EVENTS 

Subsequent events have borne out t he  importance o f  YORKTOWN's shock t r i a l s .  
Cer ta in l y  t h e  r igorous t r a i n i n g ,  t he  mater ia l  preparat ions,  and the  r e a l i t y  o f  
su rv i v ing  near-miss detonat ions a l l  con t r ibu ted  t o  sh ip  and crew readiness. While 
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YORKTOWN was deployed i n  t h e  Mediterranean, we p a r t i c i p a t e d  i n  complex, two- and 
t h r e e - c a r r i e r  b a t t l e  fo rce  operat ions i n  the  v i c i n i t y  o f  Libya. 
provided a i r  su rve i l l ance  and command con t ro l  i n fo rma t ion  du r ing  t h e  A c h i l l e  Lauro 
t e r r o r i s t  i n t e r c e p t  operation. 

Many o f  t h e  lessons learned du r ing  the  YORKTOWN shock t r i a l s  were d i r e c t l y  
app l i cab le  t o  another sh ip  o f  t he  TICONDEROGA c lass,  USS MOBILE BAY (CG 531, which 
was subjected t o  s i m i l a r  t r i a l s  e a r l i e r  t h i s  year. MOBILE BAY adopted s i m i l a r  
methods o f  p re l im ina ry  t r a i n i n g ,  shock team organizat ion,  and use o f  CSOSS, as we l l  
as the  goal o f  f i g h t i n g  t h e  sh ip  through t h e  t r i a l s .  

YORKTOWN a l s o  

I n  my formal repo r t  on t h e  YORKTOWN t r i a l s ,  I sta ted  t h a t  every sh ip  should 
experience a m i l d  i n t e n s i t y  explosion t o  evaluate i t s  b a t t l e  readiness...not on l y  
f o r  ma te r ia l  preparedness, bu t  a l s o  t o  acquire operat ional  t r a i n i n g  t o  combat t h e  
a n t i c i p a t e d  ma te r ia l  casua l t ies .  I ' m  happy t o  say t h a t  the  Navy i s  now r e q u i r i n g  
every shock-hardened new cons t ruc t i on  combatant sh ip  t o  undergo a shock tes t .  

On a personal l eve l ,  my out look on sh ip shock t r i a l s  has come f u l l  c i r c l e .  
YORKTOWN demonstrated t h a t  t he  value o f  t h i s  experience goes beyond i t s  basic 
purpose: i t  a l s o  pays o f f  i n  ma te r ia l  readiness, i n  t r a i n i n g ,  and i n  b a t t l e  
readiness. It i s  cos t  e f f e c t i v e .  And i t  minimizes f u t u r e  r i s k  and casua l t ies .  

I came away w i t h  a new apprec ia t ion  f o r  t h e  many con t r i bu to rs :  
t he  shipyards, f l e e t  personnel, managers, contractors.  
s ide !  And I have a new apprec ia t ion  f o r  those o f  you !n t h i s  audience who are  
working every day t o  solve the  new problems i n  dynamics. 
going t o  g i v e  us tougher ships and combat systems. 

t h e  people i n  
I ' m  g lad  t h i s  team was on my 

You are the  fo l ks  who a re  

I ' v e  c a r r i e d  these thoughts w i t h  me t o  my cu r ren t  assignment as Commander 
o f  t h e  Naval Surface Warfare Center. 
Forces as t h e  p r i  nc ipa l  research, devel opment, t e s t  and eva lua t ion  center  f o r  
surface sh ip  weapons systems, ordnance, mines, and s t r a t e g i c  systems support. NSWC 
plays a major r o l e  i n  A E G I S  Combat System Development and l i f e - c y c l e  support. Pa r t  
o f  our j o b  was t o  support t h e  IJSS MOBILE BAY ( C G  5 3 )  shock t r i a l s  l a s t  May and June. 
Our team inc luded a Shipboard Power Group, an A E G I S  Readiness Group, a Combat System 
Engineering Group, TOMAHAWK support team, and personnel t o  c o l l e c t  and disseminate 
combat system data. 

"Our NSWC 
A E G I S  team ensured t h a t  the  s h i p ' s  combat system was t rea ted  as one system r a t h e r  
than a c o l l e c t i o n  o f  p iece parts.' '  
Navy's Revolut ion a t  Sea. 

Our mission i s  t o  support t h e  Navy's Surface 

Fo l low ing  these t r i a l s ,  t he  head o f  our  A E G I S  Program O f f i c e  sa id:  

Th is  i s  t y p i c a l  o f  t h e  chal lenges imposed by the  

CONCLUSION 

The program f o r  t h i s  symposium i s  a l so  a cha l leng ing  one t o  me, bo th  as a s h i p  
d r i v e r  and as Commander o f  a Navy research and development center. 
doubt t h a t  we are  fac ing  "New Horizons i n  Dynamics." Rear Admiral W. Norman 
Johnson, Commanding O f f i c e r  o f  t h e  Naval Base a t  Charleston, has expressed i t  we l l .  
Although h i s  words have a d i s t i n c t  nau t i ca l  f l a v o r ,  t he  sentiment app l ies  t o  o the r  
c r i t i c a l  technology issues t h a t  y o u ' l l  be cons jder ing  here. Admiral Johnson 
described today 's  Navy as "atomic, e lec t ron i c ,  and supersonic.'' 
impercept ib le  heat, i naud ib le  sound, and i n v i s i b l e  l i g h t .  

There i s  no 

He said, "We employ 
Our var ious  equipments 
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and systems are not  easy t o  maintain, nor easy t o  operate. Yet, t h e  men and women 
on the  Navy team continue t o  demonstrate t h a t  they can operate them p r o f i c i e n t l y . "  

I n  t h e  f i n a l  analysis,  t h a t ' s  what i t ' s  a l l  about. And t h a t ' s  why t h e  Navy i s  
demonstrating strong support f o r  sh ip  shock tes ts .  I n  fac t ,  we l i k e  t h a t  concept so  
much t h a t  we're going t o  l e t  you have a shot a t  every new combatant sh ip  t h a t  s l i d e s  
down t h e  ways. 
t r i a l s - - -and  I know you ' re  going t o  do every th ing  i n  your  power t o  g i ve  us tougher 
ships ! 

We're going t o  be ready t o  f i g h t  our ships through these 

Thank you. 
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Overview of Multi-Input Frequency Domain Modal 
Testing Methods with an Emphasis on Sine Testing 

Robert W .  Rost 
David L. Brown 

This paper is concerned with an overview of the current state-of- 
the-art multiple-input, multiple-output modal testing technology. 
A very brief review of the current time domain methods will be 
given. A detailed review of frequency and spatial domain methods 
will be proesented with an emphasis on sine testing. 

INTRODUCTION 

In the mid sixties sine testing was the only method used for experimental modal analysis. It was used 
both for the forced normal-mode and the frequency-response methods. With the advent of Fourier 
Analysis testing methods, sine testing has been used primarily for normal mode testing, for making 
selected frequency response measurements to study non-linearities; or to gather data in high noise 
environments. 

Sine testing had two major limitations: a) Due to its sweep time, it was considerably slower than the 
broadband Fourier methods and b) For nonlinear systems, the measurements were distorted. The 
distortion caused problems with the parameter estimation methods, however, it should be noted that 
the distortion is important for characterizing non-linearities. The practical advantage of sine testing 
included high signal-to-noise-ratio and controllable spectrum content. 

Unfortunately this method was only competitive with random excitation when large numbers of 
transducers were permanently mounted to the test structure. In the past, considerable investment in 
transducer instrumentation limited sine testing to laboratories with significant resources. 

As a result, in the early seventies single input random excitation became the method of choice for 
laboratory modal testing. In the late seventies, multiple-input random excitations methods were 
developed to generate a consistent database to work with the multiple-input parameter estimation 
algorithms under development at that time. These algorithms were primarily time domain algorithms 
which fit the measured multiple-input unit impulse or initial conditions responses. In order, to 
generate a consistent database, it is necessary to measure all of the response data simultaneous which 
again creates the situation which existed with sine testing. That is the requirement to monitor many 
transducer channels at once. 

Recently, low cost instrumentation introduced by PCB Piezotronic~[~-~], makes mu1 tiple-input/ 
multiple-output frequency response function analysis affordable for the smaller testing laboratories 
with less resources. The continuing decrease in the per channel cost of measurement systems 
encourages multiple channel testing for experimental modal analysis. With this inexpensive multi- 
channel instrumentation, stepped sine excitation competes favorably with random excitation. That is, 
more test laboratories can now afford the many transducers required to make stepped sine test 
competitive. 
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As shown in Fig. 1, at higher numbers of channels sine testing is more efficient than broadband 
testing. This advantage is due to the fact that as the number of channels increases, the signal 
processing overhead increases more rapidly with random testing because sine testing is limited by 
sweep time instead of signal processing. 

Number of Channels 

Figure 1. Comparison of sine vs. broadband testing 

In fact for a test with six references and 750 response measurements, in the near future, a simple 
desktop computer will be able to perform the necessary signal processing. In contrast, for the same 
number of input and output points random testing would require a very powerful computer to 
perform real-time-signal processing. 

To improve sine testing the new system being developed at UCSDRL implements a novel testing 
ideal called "spatial sine testing" (SST). Unlike the frequency response methods (FRF) which 
develops a data base of frequency response functions(tempora1 information) the new SST method 
develops a data base of forced modes of vibration(spatia1 information). This SST method also differs 
from the normal-mode method, which measures directly only the normal modes by a force 
appropriation technique. 

The testing procedure in the SST method excites the structure with a forcing vector at preselected 
but arbitrary frequencies and measures the forced complex mode of vibration with an array of 
transducers. It stores this complex forced mode of vibration into the database along with the 
frequency and the measured forcing vector. The forcing vector and the frequency are chosen to 
generate a database of temporal and spatial information: not to tune a mode as in the normal-mode 
method. At a given frequency, the SST measures multiple forcing vectors and the resulting forced 
modes of vibration, and stores the results in the database. 

Currently several advanced multiple reference parameter identification algorithms are capable of 
processing data from this kind of modal test. These methods process the data both in the frequency 
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and the spatial domain. 

SPATIAL DOMAIN 

In the area of parameter identification, the spatial domain is a relatively new thought process . This 
concept describes the system frequency and/or impulse response function matrix in terms of the 
complex dot product of three fundamental characteristic functions; two complex spatial, and one 
complex temporal. The spatial characteristics are a function of geometry and the temporal 
characteristics a function of either time or frequency. 

Thus, the measured frequency response function matrix can be described in this three dimensional 
complex space as functions of three sampled characteristic variables @,a, wk). In other words, the 
frequency response functions occurred at discrete reference points q, response points p ,  and discrete 
frequencies wk. 

This concept is difficult to visualize, since the matrix is represented by three dimensional complex 
characteristic space (Fig. 2). To more easily understand the process, view the variation along lines 
parallel to axes of the space. Lines parallel to the temporal axis correspond to individual frequency 
response functions (or unit impulse response functions in time domain). These frequency response 
functions consist of a summation of the temporal characteristics (unit amplitude SDOF frequency 
response functions), weighted by the two spatial characteristics, which define the other two axis of the 
characteristic space. 

Figure 2. Spatial domain 

Lines parallel to the response axis correspond to forced modes of vibration. These forced modes 
consist of a summation of the system eigenvectors weighted by the input characteristic and the 
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temporal characteristic. 

Likewise, lines parallel to the input, or reference axis consist of a summation of the system 
eigenvectors weighted by the response characteristic and the temporal characteristic. The variation 
along these lines are referred to in the literature as the modal participation factors. 

THEORY 

In this section a brief summary of the algorithms that are currently being studied for use with the SST 
method will be given. These algorithms are the Polyreference Frequency D ~ m a i n [ ~ $ ~ ] ,  the Multiple 
Reference Orthogonal Polyn~mial[~-~] and the Multi-MAC m e t h ~ d [ l @ ~ ~ ] .  Multi-MAC is a technique 
that seems well suited for the spatial domain sine test data. It is a spatial domain technique that 
temporally weights the forced modes of vibrations in determining the modal characteristics the test 
article. 

POLYREFERENCE FREQUENCY DOMAIN 

The displacement frequency response function for multiple input/output is given by: 

where: 

s Laplacevariable 

[J&(s)] the transfer function matrix of size NoxNi, which is the Laplace transform of the 

[ s r I, - r A] 1 -1 Laplace transform of e ‘*J 
TI, identitymatrix 

impulse response matrix [h(t) ] 

The subscript d on the [ H ] matrix indicates that the transfer function matrix is in terms of 
displacement over force. In order to obtain an expression for the transfer function in terms of 
velocity and acceleration in the frequency domain, the Laplace transformation properties can be 
applied immediately to Eq. (2). The resulting two equations, obtained for the transfer function 
matrix with respect to the velocity and the acceleration, are: 

and 

In order to compensate for the influence of the modes outside the frequency range of interest, an 
additional term can be added to the previous equations to compensate for these residuals effects. 
Adding the residual terms to Eq. (l), (3) and (5) and simplifymg Eq. (3) and (9, by substituting the 
matrix [TI, the equations become : 
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where 

[T(s)]= [s  TI1 - rAj]-' isamatrixofsize 2NxNi 

[ & 3 matrix for the residual effects of displacement, of size Nox Ni 

[ &] matrix for the residual effects of velocity, of size Nox Ni 
[ Ra 3 matrix for the residual effects of acceleration, of size Nox Ni 

Equations (6), (7) and (8) can be combined into one equation: 

It can be shown [l31that the characteristic equation, associated with Eq. (9) is of the form : 

Equation (10) represents a matrix polynomial of order 2. Since the matrix coefficients have a 
dimension of No this matrix polynomial has 2N0 poles. The 2N system poles represented by the 
matrix rhj are a subset of these 2N0 poles. The unknown matrix coefficients of the matrix 
polynomial, can be obtained from next equation [w: 

This equation means that the measured FRF's can be described by a linear frequency domain model 
with real matrix coefficients: 

where: 

[R,] = [\E] [L] and is equal to the residue matrix. 

The unknown matrices [&I , [A,], [R,] and [&I are calculated by solving Eq. (12) in a least squares 
sense. The solution of the generalized eigenvalue problem, defined by Eq. (ll), directly yields the 
complex system poles and the corresponding mode shapes for the structure. 
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MULTIPLE-REFERENCE ORTHOGONAL POLYNOMIAL METHOD 

For a N degree-of-freedom linear system with viscous damping, the multiple-reference orthogonal 
polynomial method yields an auto-regressive moving average (ARMA) model of order (m,n) : 

where: 

[H(s)] transfer function matrix of size No x Ni. 
[ak] matrix polynomial coefficient of size No x No. 

[bk] matrix polynomial coefficient of size No x Ni. 
m order of matrix polynomial chosen in the Auto-Regressive part. mNo 2 2N . 
n order of matrix polynomial chosen in the Moving-Average part. n 2 m+2 . 
N the degree-of-freedom of the system or the number of modes 

Ni number of excitation location. 

No number of response point. 

In order to avoid the numerical ill-conditioning in Eq.(13), a set of complex orthogonal polynomials, 
with weighting function q(s) , is defined as: 

1 

Pj(s) q(a) &(si)* = 6% (14) 

For the specific frequency range, these polynomials need be generated only once. The ARMA modal 
can then be expressed in this orthogonal basis, in which the numerical ill-conditioning can be avoided. 
The ARMA model is expressed as: 

where: 

[%I matrix polynomial coefficient for orthogonal polynomials of size No x No. 

vk] matrix polynomial coefficient for orthogonal polynomials of size No x Ni. 

pk orthogonal polynomial of order k, which is a scalar function. 

By choosing = [ I J, Eq.( 15) can be arranged and rewritten in matrix form for all spectral lines. 
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- [HIHpolH * * - [H]HIPml]H - [Po 'IH * 

( for s = jq , i=1,2 ,..., 1 spectral line ) 
L 

X 

where: 

[HIH P m I H  

[PklH product of Pk* and identity matrix [ I J of size No x No. 
[pk  'IH product of Pk* and identity matrix r IJ of size Ni x Ni. 

The matrix coefficients in Eq.(16) can then be found by formulating the normal equation and solving 
the simultaneous equation. A transformation matrix is calculated in the polynomial generating 
procedure; thus, the power polynomial coefficients [ak] and [bk] can be calculated from orthogonal 
polynomial coefficients [%I and h] respectively. Once the [ak]'s are found, the poles of the 
system, natural frequencies and damping characteristics, can be solved by setting the determinant of 
the characteristic equation equal to zero. 

m 

Id) 

det( [ak] sk ) = 0 

There are two ways of finding the residue matrices. One is to directly use the power polynomial 
coefficients [ak] and [bk] 

Since [a(s)] is singular as s+X, , the singular value decomposition is used for finding the 
generalized inverse of [a(s)] , then the residue matrices calculated. Another way of calculating 
residue matrices is in a second stage residue calculation. Base upon the pole information (frequency 
and damping) and the modal participation factors, obtained in solving the companion matrix of 
Eq.( 17), a least square residue calculation for multiple reference FRF is applicable. 
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MULTI-MAC ENHANCED FRF METHOD 

Multi-Mac is an extension of the concept of Modal Assurance Criterion (MAC). The concept of 
MAC is a calculation that is used to gain confidence in the estimates of modal vectors either by 
verifymg that the estimates of different modal vectors are unique, that normal modes have been 
estimated, or that estimates from different rows or columns of the residue matrix for the same mode 
are identical. Multi-Mac is a spatial domain method of determining modal parameters based on 
multiple-reference frequency response functions. For linear systems with normal modes, the residue 
of any input/output combination is made up of three parts, the modal vector at the input location, the 
modal vector at the output location, and the scaling constant for that mode[10111$191. 

Equation 19 can be expanded to form the complete residue matrix for any mode r. 

Where: 

A, 

[A ,  3 
Qr 

gbr 
qiv 

Residue for mode r at response point p and reference point q . 
residue matrix for mode r of size No x Ni 

Scaling constant for mode r 
Modal vector for location p of mode r 
Modal vector for location q of mode r 

From Eq.(20) it can be seen that there must be a linear relationship between any row or any column 
of the residue matrix for a particular mode. For example, if the structure was excited at points 1 and 
2, then in column one every residue would have A, in common. Likewise, every residue in column 
two would have & in common. The modal vectors at the output locations, hr through $I~, must 
therefore be related since they define the same mode. If this linear relationship does not exist, either 
measurement errors have contaminated the data, the modes are closely coupled or, there is a 
repeated root at that pole location so that the residue is a linear combination based on input 
location. Also, from the basic theory of modal analysis, the modal vectors of two different modes 
must be orthogonal with each other and a weighting matrix such as the mass matrix. If estimates of 
the residues for the same mode but for different rows or columns is used, a principal component 
analysis can be used to determine the number of independent vectors that make up those residues. If 
one significant eigenvalue is found from the principal component analysis, then one mode is 
presented. If more than one significant eigenvalue is calculated, then there are more than one set of 
independent vectors that make up the residue matrix for that mode. Eq.(20) can be used to set up 
the principal component analysis. The size of the matrices is determined by the number of 
measurement locations and the number of modal vector estimates. The residue matrix can have 
more than one estimate of the modal vector for the same input/output locations. These estimates 
could be from different curve fitting algorithms. 

Where: 
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[ xr ] 
[ W ] 
[ VI = [vl v2  * - vNk] 
r CJ is the diagonal eigenvalue matrix 

estimated residue matrix of size No mk , which is generated by putting Nk estimated 

diagonal weighting matrix of size Nk x N k  

modal vectors together side by side. 

is the matrix of eigenvectors 

Eq.(21) will yield as many eigenvalues as the number of rows in the residue matrix. Some of these 
eigenvalues will be zero or of insignificant value. The number of significant eigenvalues will indicate 
the number of independent vectors that make up the residues at that frequency. Associated with 
each eigenvalue will be the eigenvectors for that eigenvalue which will number as many as the number 
of rows in the residue matrix. The weighting matrix that was used in Eq.(21) for this work was the 
identity matrix. A better weighting matrix would be to use the inverse of the square root of the mass 
matrix or an estimate of the inverse of the square root of the mass matrix from a finite element 
analysis. The matrix could also be an error matrix or a matrix that would allow different types of 
data in the residue matrix. For example, if both acceleration and displacement data was contained in 
the residue matrix, the multiplication of acceleration and displacement would not be dimensionally 
correct. But, the weighting matrix could be used to make the multiplication dimensionally correct[l01. 
Any estimate of the residue may be used in this procedure. Since, at resonance, the quadrature part 
of the frequency response function is proportional to the residue, the simplest method is to use the 
peak of the imaginary part of the frequency response estimate as an estimate of the residue. If 
leakage is present in the data, it is advantageous to use spectral lines that are adjacent to the highest 
peak in the imaginary part. These spectral lines will be less contaminated by leakage. In experimental 
procedures, the principal component analysis is applied for the quadrature part of FRF matrix, either 
one or several adjacent spectral lines are included in the analysis each time. This will yield a set of 
eigenvalues, which equals to the number of adjacent spectral lines by the number of references, for 
each analysis. The analysis can be exercised over the whole spectral range. All of these eigenvalues 
can then be plotted as a function of frequency, namely Complex Mode Indicator Function (CMIF)i5]. 
in which the significant eigenvalue peaks indicate normal modes nearby and the corresponding 
eigenvectors will be the independent vectors that make up the residue vectors at that frequency. 
Once the eigenvalues and eigenvectors have been calculated by the principal component analysis, the 
residues can be transformed to a new coordinate space which are mathematically guaranteed to be 
orthogonal with each other and the assumed weighting matrix. Therefore, if more than one 
eigenvalue of significant value is found, the orthogonal mode shapes that make up the estimate of the 
residue at that frequency can be computed. For example, if there are repeated roots, the residues 
that make up that repeated root will be calculated. If the modes are heavily coupled, unique modes 
will be estimated. But, the transformed modes will have the contamination of other modes removed 
and will be orthogonal with each other. Eq.(22) defines the transformation from the original residues 
to the new space for i 'th significant eigenvalue. This transformation would be used for each 
eigenvalue of significant value. Therefore, if more than one eigenvalue of significant value is found, 
the transformation will yield orthogonal estimates of the residues. If more than one estimate of the 
residue is used for each row or column, these transformed estimates are summed together to reduce 
the variance. The matrix multiplication will therefore yield one residue for each measurement 
location. The variance of the modal vectors will be reduced in a least squares sense by [ l l t ~ ] ' / ~ ,  
where n is the number of average. 

The residue vectors can then be transformed by these eigenvectors. These transformed residues 
could be weighted by the mass matrix to yield mode shapes of the system. These new mode shapes 
are mathematically guaranteed to be orthogonal with each other. Using these transformed estimates 
of the residue vectors, an enhanced frequency response function can be computed which can be fit 
for estimates of the frequency and damping of that mode. 
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Note that the mode shapes found here were arbitrary scaled. The correct scaling can be made, after 
the frequency and damping values were found, by other residue calculation algorithms, ie. least 
square frequency residue calculation algorithm. 

ANALYTICAL CASES 

To compare the spatial domain characteristics of the Polyreference Frequency Domain (PFD), 
Multiple-Reference Orthogonal Polynomial (MROP) and the Multi-Mac Enhanced FRF 
(MMEFRF) algorithms, a theoretical data set of 9 references (3 point, 3 direction) and 270 responses 
(90 point, 3 direction) was generated. This data set was generated by synthesizing the modal 
parameters (frequency, damping and mode shape) of the "H-frame". The "H-frame" is a steel 
structure made for testing purposes at the University of Cincinnati Structural Dynamics Research 
Lab (UCSDRL). The geometry of the structure is shown in Figurel, with the reference point 
numbers circled. The modal model of the "H-frame" contains 19 modes. The modal frequencies and 
damping values are listed in Table 1, and the original mode shapes are shown in Figure 2. Since this 
data set is generated from the modal parameters of the actual structure, there is no significant 
physical loss. Since the exact modal parameters are known, the accuracy of these algorithms can be 
evaluated. The algorithms currently implemented at the UCSDRL are limited to six references. 
Therefore, the data was analyzed with six references taken from the set of nine. Tko cases with 
different reference selections were studied. 

The six references used in the first data set correspond to the three coordinate directions at points 72 
and 75. As can be seen from Figure 1, any local mode of the cross beam will be poorly excited from 
these locations. For example, the mode at 312.6 Hz is a local mode of the cross-beam. Therefore, 
some difficulties might be expected with the estimation for this particular pole. 

Figure 3 shows a typical driving point frequency response function for this data set. All three 
frequency domain algorithms were used to analyze this data set. For the PFD and the MROP, the 
analysis was done over several frequency bandwidth. This is normal since frequency domain 
algorithms are not suitable, in general, for large frequency ranges due to numerical problems. On the 
other hand, the MMEFRF was used over the complete frequency range. This method does not have 
the same numerical problems as the other two methods. 

The complex mode indicator function (CMIF) is a plot of the eigenvalues of a principal component 
analysis with the redundent residue information as the input to the algorithm. If only one mode 
shape exists at a given frequency, the principal component analysis will have one eigenvalue of 
significant values with all other eigenvalues of insignificant value. The number of eigenvalues 
calculated depends on the size of the analysis. If a natural frequency is a repeated pole, the principal 
component analysis will have two significant eingenvalues for that frequency. Also, if the pole is a 
closely spaced root, the principal component analysis will yield as many eigenvalues as independent 
modes active at that frequency. 

The MROP and MMEFRF both use the complex mode indicator function [SI (CMIF) to determine 
the number of modes in the frequency range of interest. The CMIF plot for the first data set is shown 
in Figure 4. The way to read a CMIF plot is as follows. The plot of the largest eigenvalue peaks 
wherever there is a pole. If a repeated pole exists, the plot of the second largest eigenvalue will peak 
at the same frequency as the plot of the largest eigenvalue. From Figure 4, it can be seen that the plot 
of the largest eigenvalue peaks at 18 different places, which means that the algorithm finds 18 poles in 
the whole frequency range. However, the data set was generated using 19 poles. Taking a closer look 
in the 312 Hz frequency range, the plot of the second largest eigenvalue peaks in this frequency 
range. Normally, the plot of the second largest eigenvalue peaks between poles. This means that the 
forced mode of vibration is a linear combination of two independent modes. While at a resonance 
frequency the plot of the second largest eigenvalue is very small, which means that only one mode is 
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contributing to the forced mode of vibration. However, for this frequency the second pole is 
separated from the previous one to explain this peak. In this case, the CMIF plot indicates that there 
is a mode at this particular frequency. But this mode is not well excited from the references that were 
chosen. For this data set it was possible to find this pole by overdetermining the order of the 
polynomial in the case of MROP or by requiring the vector associated with the second largest 
eigenvalue at that frequency for the MMEFRF case. In the case of the PFD, the algorithm found this 
frequency but flagged it as a computational pole. So all three algorithms had some problems in 
detecting the particular mode that was poorly excited from the chosen references. 

In the case of MMEFRF, the mode shapes are calculated in the first step. If the frequency and 
damping of the poles are required, an enhanced frequency response function is calculated for each 
pole. Then, this enhanced frequency response function is used to estimate the frequency and damping 
values using only the single reference algorithms. Since the enhanced FRF may be contaminated by 
other modes, it is necessary to use multiple modes algorithms for good frequency and damping 
estimations. For this example the single reference orthogonal polynomial method, which is a special 
case of MROP, is used for the frequency and damping estimation. If the frequency spacing of the 
enhanced FRF is evenly spaced, time domain algorithms such as Least Square Complex Exponential 
can also be used. The estimated frequency and damping values for each mode and each method can 
be found in Table 1. As can be seen from this Table, the MROP and MMEFRF are estimating the 
poles very well. The PFD gives a good estimate of the pole values but they are not as accurate at the 
ones obtained with the two other methods. 

As a check on the accuracy of the estimated modes, a modal assurance criterion was calculated 
between the estimated modes for each of the algorithms, and the original mode shapes that were 
used to create the data set. The results can be found in Table 2. From these results, it can be 
concluded that all three methods found the correct mode shapes, except for the MMEFRF method, 
which had a poor estimate of 14th mode shape. 

The modal parameters were estimated again on a second data set, using the MMEFRF method. This 
data set included the reference point 15 in the X direction, which replaced reference 75 in the Z 
direction. It was used to demonstate a set in which the 14th mode is well excited. If the 
interpretation of the CMIF plot, for the first data set, was correct, a CMIF plot should now be 
obtained in which the 14th mode shows up in the the plot of the largest eigenvalue. The second 
reason was to see if the MMEFRF could find a better estimate for the mode shape of the 14th pole, 
when this mode is well excited. The CMIF plot, that was obtained for this data set, is shown in Figure 
5. As was expected, the 14th mode, which was better excited in this data set, shows up in the plot of 
the largest eigenvalue. The modal parameters that were found for this particular pole with 
MMEFRF improved and can be found in the last column of Tables 1 and 2. 

As can be seen in Tables 1 and 2 all three methods gives good results on theoretical data as expected. 
With the PFD amd MROP methods it was necessary to break the frequency range into bands and 
estimate the number of modes in each band. The MMEFRF method could use the complete band 
and the number of modes and the modal coefficients were estimate directly from the CMIF. The 
MMEFRF method is simpler and faster to use but does not handle closely coupled modes as well as 
the other two methods at least for ideal data. 

Some preliminary studies have been preformed with various types of noise added to the 
measurements. These results are sketchy and will be repeated in the future so that all the methods 
experience equivalent testing conditions. The test which have been performed indicates that all the 
methods handles random noise well but perform poorly with data which has frequency shifts. This 
was expected since it has been a consistent observation with all of the multi-input parameter 
estimation methods(time and frequency). It should be noted that it is the frequency shift problem 
with the multi-input algorithms which has led to testing procedures where all of the response data is 
measured simultaneous. 
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SYSTEM CONCEPT 

As mentioned in the introduction the UCSDRL has been developing a spatial domain sine testing 
system (SST) with practicality, simplicity and low cost as goals. This system will help the 
experimentalist obtain a consistent, valid database. The system being developed attempts to minimize 
test setup time allowing more time for data acquisition and analysis. By instrumenting large numbers 
of data points (typically 64, 128, etc.), the lightweight motion sensors provide a more comprehensive 
data base while adding only a minimal, constant mass distribution. Accordingly, the resultant data 
base displays better spatial definition without the frequency shifts inherent in the method of "roving" 
accelerometers. 

Modular mounting, wiring and calibration equipment eliminate many of the historic problems with 
setup, identification, calibration and management of large numbers of channels of data. Sensor 
signals are routed to patch panels which consolidate the individual cables into multiconductor ribbon 
cables carrying signals on to the signal conditioning equipment. Managing all channels in parallel, the 
signal conditioning automatically sets maximum gain and anti-aliasing filters the signals. Inexpensive 
digitizing and signal processing follow as the final steps in the data acquisition. 

The force appropriation equipment consists of shakers, amplifiers and a low cost computer- 
controlled multiple channel digital to analog converter (DAC) system. The multiple channel DAC 
system currently under development would typically consist of 4, 8, or more channels (up to 32 
channels) individually controlled from the system controller. The signal from each channel would be 
independently set for magnitude and phase. Several prototypes have been built and are currently 
being evaluated. 

A personal computer controls the system, including the signal processing functions. Ideally, the 
personal computer should be able to acquire the data in real time. Although processing up to 512 
channels of data seems like an insurmountable task for a personal computer, a four point discrete 
Fourier transform(DFI') considerably reduces the volume of data being processed. Since the signal 
conditioning contains anti-aliasing filters the sinusoidal signals do not need to be oversampled to gain 
the desired amplitude accuracy. Instead a simple four point DFT, involving only two additions, can 
be performed on the sinusoidal signals significantly reducing the amount of information processing 
overhead. In other words, for a 512 channel sine test only 2048 pieces of information need to be 
processed and stored in computer memory at one time and transformed into the frequency domain 
with 1024 additions. With an additional eight additions per channel, adaptive processing can be 
implemented to determine the signal-to-noise-ratio. As a result, the system could adaptively 
determine the number of averages needed to produce acceptable data at each frequency. 

SUMMARY 

The advent of current low cost per channel instrumentation creates a competitive forum for 
broadband modal testing. Now large data acquisition systems can be assembled less expensively than 
ever before. This economy stimulates renewed interest in sine testing, as the situation now exists 
where large scale sine testing systems can compete economically with broadband testing systems. 
Such a large scale spatial domain sine testing system is presently under development at UCSDRL. 

Conceptually, the spatial domain sine testing system typically consists of up to 512 or more channels 
of STRUCT'CEL motion sensors linked by the data acquisition system (DATA HARVESTER) with 
a personal or a small technical computer. The computer processes the data, archives the results and 
generates the excitation signal with a multiple channel DAC. A simple four point DFT significantly 
reduces the computational overhead of processing large channels of data. The spatial domain sine 
testing system essentially integrates available low cost instrumentation with sine excitation and 
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advanced spatial and frequency domain parameter identification. The purpose of this research is to 
determine if spatial sine testing will become one of the next generations of modal testing 
methodologies. 
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Figure 4. The original mode shapes of the H-frame structure 
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Figure 6. The CMIF plot of Case 1 data set, which showed mode 14 in second eigenvalue curve. 
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Figure 7. The CMIF plot of Case 2 data set, which showed 19 modes all exist in the largest eigenvalue curve. 
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r 

Data 
, I Freq. (Hz) 1 1  14.900 

Notes: PFD Polyreference Frequency Domain 
MROP Multiple-Reference Orthogonal Polynomial 
MMEFRF Multi-Mac Enhanced FRF 
MMEFRF+ Multi-Mac Enhanced FRF with Case 2 data set. 

PFD MROP MMEFRF MMEFRF+ 
14.880 14.902 14.901 14.899 

TABLE 1. Comparison of estimated frequency and damping 
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Modal Assurance Criterion 
Mode Shape Estimation Method 

PFD I MROP I MMEFRF I MMEFRF+ Mode 

1 0.999 
2 1 1.000 

J 

0.999 1.000 0.999 
1.000 1.000 1.000 

3 
4 
5 

1.000 1.000 1,000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 

6 
7 
8 

1.000 0.996 1,000 1.000 
1.000 1.000 1.000 1.000 
0.999 1.000 0.999 1.000 

1.000 1.000 1,000 1.000 
1.000 1.000 0.998 0.999 
1.000 1.000 0.993 0.998 
1.000 1.000 0.99 1 0.985 

19 1.000 1.000 0.999 0.999 

9 
10 
11 

Notes: PFD Polyreference Frequency Domain 
MROP Multiple-Reference Orthogonal Polynomial 
MMEFRF Multi-Mac Enhanced FRF 
MMEFRF+ Multi-Mac Enhanced FRF with Case 2 data set. 

0.947 0.997 0.997 0.997 
0.999 0.999 0.998 0.998 
0.999 1.000 0.999 0.999 

TABLE 2. Comparison of estimated mode shapes by MAC 

12 
13 
14 
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1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
0.991 1.000 0.637 0.999 
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Dynamic Substructuring for Shock Spectrum Analysis 
Using Component Mode Synthesis 

Barton W. McPheeters 1 N 8 8 - 1 8 9 5 0  2 Avivi Lev 
3 Philip B. Bogert 

Rudolph J .  Scavuzzo 4 

Component mode synthes is  was used t o  analyze th ree  
d i f f e r e n t  types o f  s t ruc tu res  w i t h  MSC NASTRAN. 
The theory and technique o f  us ing M u l t i p o i n t  Con- 
s t r a i n t  Equations (MPCs) t o  connect subst ructures 
t o  each other  o r  t o  a common foundat ion i s  pres- 
ented. Computation o f  t h e  dynamic response o f  t h e  
system from shock spectrum inputs  was automated 
us ing t h e  DMAP programming language o f  t he  MSC 
NASTRAN f i n i t e  element code. 

INTRODUCTION 

Computation t ime i n  dynamic analyses increases w i th  e i t h e r  the  square 
or cube o f  t h e  number o f  degrees-of-freedom. As a r e s u l t ,  t he re  can be substan- 
t i a l  savings i n  computer cos ts  by us ing dynamic subs t ruc t i ng  methods i n  large 
dynamic problems. I n  some cases, f i n i t e  element models become so large t h a t  
on ly  a few supercomputers can be t o  so lve  the  r e s u l t i n g  dynamics problem. 
I n  these cases, dynamic subs t ruc t ing  may be requi red.  

used 

Component mode synthes is  methods, l i k e  those introduced i n  1971 by 
MacNeal [l], are  o f t e n  used i n  dynamic subs t ruc tur ing .  These techniques have 
been app l ied  t o  superelement analyses i n  MSC NASTRAN. Most c lasses o f  problems 
can be solved w i t h  t h i s  procedure. However, response spectrum ana lys i s  problems 
us ing model synthes is  methods have no t  been prev ious ly  analyzed [2,3] w i t h  MSC 
NASTRAN. I n  t h i s  e f f o r t ,  both bas ic  response spectrum methods and U.S. Navy 
DDAM shock ana lys i s  methods t h a t  requ i re  an eva lua t ion  o f  modal masses i n  the  
s p e c i f i c a t i o n  o f  t h e  shock spectrum input  a re  analyzed. I n  t h i s  paper, the 
t h e o r e t i c a l  background f o r  t h e  a p p l i c a t i o n  o f  modal synthes is  t o  shock spectrum 
problems and a numerical eva lua t ion  o f  t he  methods a re  presented. 

THEORY 

Three cases a re  considered i n  t h e  t h e o r e t i c a l  development: 

Case I: Sing le  subst ructure at tached t o  a res idua l  s t ruc -  
t u r e  (foundation) . 

------------------ 
(1) 
(2) 
(3) 
(4) 

Engineer, NKF Engineering, I nc . ,  Reston, Va 
Consultant, NKF Engineering, I nc . ,  Reston, Va 
D i rec to r ,  S t r u c t u r a l  Dynamics D iv i s ion ,  NKF Engineering, I n c . ,  Reston, Va 
Consu I t a n t ,  NKF Eng i neer i ng, I n c  . , Reston, Va, and Professor , Department o f  

Mechanical Engineering, Un ive rs i t y  o f  Akron, Akron, OH 
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Case 11: A se r ies  o f  subst ructures attached t o  a res idua l  
s t r u c t u r e  (foundation) . 

Case 111: P a r a l l e l  subst ructures connected t o  each other  and 
t o  a common res idual  s t r u c t u r e  ( foundat ion).  

Using these th ree  cases, any l i nea r  s t r u c t u r e  can be d i v ided  i n t o  a 
number o f  substructures,  analyzed, and combined us ing m u l t i p o i n t  c o n s t r a i n t  
(MPC) equa t i ons . 

I n  a l l  cases t h e  eigenvalue ana lys is  o f  t he  subst ructures t o  f i n d  mode 
be determined assuming a f r e e - f r e e  sub- shapes (#i) and frequencies ( ~ i )  i s  

s t ruc tu re .  
t o  

The equat ion o f  motion o f  a l i n e a r  system can be w r i t t e n  as: 

[MI{h  + [KI{U3 

Expanding the  displacement i n  terms o f  t he  

= { f ( t ) 3  
f ree - f ree  mode shapes: 

j 

S u b s t i t u t i n g  i n t o  Equation (1): 

J 

Premu I ti p I y by {# i )T, 

J 

By v i r t u e  o f  t h e  o r thogona l i t y  proper ty  o f  v i b r a t i o n  modes, 

(5) 

and 

where : 

m i  i s  t h e  general ized mass o f  t h e  i th mode 

K ;  i s  t h e  general ized s t i f f n e s s  o f  t he  i t h  mode 
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f i i s  the  genera I i zed f o r c e  f o r  t he  i t h  mode 

and 

Using these d e f i n i t i o n s ,  t h e  equation of motion i n  genera l ized coordinates 
becomes : 

f o r  each mode, i .  

Case I: Single Substructure 

Assume t h a t  t h e  connection p o i n t s  shown i n  F igure  1 represent fou r  
degrees-of-freedom designated 997, 998, 999, and 1000. 

{ul :ooo 

CONNECTION 
POINTS 

IN I UT 

1 MPC CARDS . . . .  

I N  d UT 

Figure 1. Case I:  Substructure and Residual or Foundation 
Structure 

Furthermore, it i s  assumed t h a t  16 modes can be used t o  represent the  substruc- 
t u r e .  General ized s t i f f n e s s ,  K i ,  and general ized mass, m i ,  a re  connected t o  
each sca la r  mass p o i n t .  The displacement o f  t h e  sca la r  p o i n t  i s  the  modal d i s -  
placement, t i .  The MPC cards which r e l a t e  t h e  connection degrees-of-freedom 
(997-1000) t o  the  16 modal displacements, ti, can be w r i t t e n  as: 
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t1 + 4 9 7  t2 + . . . +- #:17 

t1 + 4 9 9  t2 + . . . + #:ig u999 999 
= 

I n  d e f i n i n g  the  c o n s t r a i n t  equations above, it was discovered t h a t  
fewer modes were requ i red  f o r  an accurate s o l u t i o n  i f  only  t r a n s l a t i o n a l  degrees 
are included i n  the  c o n s t r a i n t  equations a t  t he  connection p o i n t s .  A f t e r  a 
response spectrum ana lys is  has been run on the  reduced s t r u c t u r e  connected t o  
the  res idual  s t r u c t u r e  by m u l t i p o i n t  cons t ra in t ,  Equation (9), i t  i s  s imple t o  
recover the  i n te rna l  component subst ructures '  displacement. For subst ructure I 
shown schematical ly i n  F igure  1 w i t h  1000 displacement degrees-of-freedom, the  
i n te rna l  displacements f o r  t h e  j t h  mode o f  t he  reduced dynamic model a re  given 
i n  terms o f  t he  16 sca la r  p o i n t  (general ized) displacements. 

Once the  displacements a re  known, s t ress,  forces, e t c . ,  a re  e a s i l y  determined i n  
NASTRAN us ing t h e  element s t i f f n e s s e s  matr ices.  A l l  t h a t  remains i s  t o  sum t h e  
des i red q u a n t i t i e s  over t h e  modes w i t h  e i t h e r  the  NRL sum (Navy DDAM) o r  SRSS 
sum (Earthquake Spectrum Analys is) .  Thus, t h e  steps needed t o  use t h e  component 
mode synthes is  method are  as fo l l ows :  

Determine t h e  f r e e - f r e e  mode shapes, # i ,  genera l ized 
mass, m i ,  and general ized s t i f f n e s s ,  K i ,  f o r  t h e  sub- 
s t r u c t u r e .  

Choose a s u f f i c i e n t  number o f  modes o f  t he  subst ructure 
t o  cover t h e  frequency range o f  i n t e r e s t .  

Model t he  res idua l  s t r u c t u r e  (foundation) and sca la r  
p o i n t s  f o r  each mode using grounded general ized masses 
and s t i f f n e s s e s .  

Connect t he  component mode representat ion o f  t he  sub- 
s t r u c t u r e  t o  the  res idua l  s t r u c t u r e  w i t h  m u l t i p o i n t  
c o n s t r a i n t  equations (MPCs) as def ined i n  Equation (9). 

Determine t h e  modal mass o f  t h e  combined s t r u c t u r e  t o  
ensure t h a t  a s u f f i c i e n t  percentage o f  t he  t o t a l  mass i s  
included i n  the  model. I f  t h e  t o t a l  mass i s  less than 
required, t h e  number o f  modes i n  the  subst ructure must 
be increased. 

I f  t h e  modal mass requirement i s  s a t i s f i e d ,  determine 
the  dynamic stresses on the  res idua l  s t r u c t u r e  and 
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recover the  stresses i n  the  component subst ructures w i t h  
Equation (10) . 

Case 11: Series o f  Substructures 

For t h i s  case the  method i s  almost i d e n t i c a l  w i t h  Case I. The f ree-  
f r e e  modes of v i b r a t i o n  must be determined f o r  each subst ructure.  The res idual  
s t r u c t u r e  i s  then modeled; each subst ructure i s  modeled w i t h  sca lar  po ints ,  
general ized s t i f f n e s s e s ,  and general ized masses f o r  the  modes t o  be considered. 
MPC cards, as def ined prev ious ly  i n  Equation (9), r e l a t e  t h e  connection p o i n t s  
o f  the  res idual  s t r u c t u r e  t o  the  f i r s t  subst ructure.  Each subst ructure i s  r e l a -  
t ed  t o  t h e  next  subst ructure through a d i f f e r e n t  s e t  o f  MPC cards based on com- 
p a t i b i l i t y  o f  the  d e f l e c t i o n s  o f  the  physical  connection p o i n t s  between the  
substructures.  This  w i l l  be shown i n  d e t a i l  below. I n  d e f i n i n g  these new MPCs 
t h a t  connect substructures,  t h e  dependent degree o f  freedom r e l a t i n g  substruc- 
tu re ,  S i ,  t o  substructure,  S i + l ,  must be selected from S i + l  (see F igure 2). 
Otherwise, a mode i s  l o s t  i n  the  r e s u l t i n g  combined s t r u c t u r e .  

As an example o f  t h i s  method, assume t h a t  each substructure,  S i ,  i n  
F igure 2 can be represented by four  Mode shapes f o r  t h e  f i r s t  substruc- 
ture,  S i ,  a re  designated (#i} and f o r  the  second substructure,  S 2 ,  the  modes are  
des i gnated {Ti }, e tc  . 

modes. 

no1 -no3 <-- Connection Points,  n 
0 . 0  

0 

0 . 
0 . 0  

201-203 <-, Connection Points ,  2 

101 -103 <------- Connection Points,  1 

<- Residual S t r u c t u r e  (Foundation) a I n p u t  t 

F igure  2. Case 11: Series o f  Substructure Si t o  S, 
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Thus, t he  MPCs connecting S i  t o  R a re  s i m i l a r  t o  Equation (9): 

ulol = $1 101 e1 + 42 101 e2 + - * + #:O4C4 1 
1 

u103 103 103 = t1 + f12 t2 + . . .  + +io4t4 J 
The equations t h a t  r e l a t e  substructure,  S i ,  t o  subst ructure S2, a re  developed as 
fo l l ows  i n  the  absence o f  phys ica l  po in ts ,  U, i n  the  reduced dynamics model. 

Recovery o f  i n t e r n a l  displacements, U, i n  subst ructure S 1  i s  g iven by 
Equation ( 1 0 ) .  W r i t i n g  e x p l i c i t l y  f o r  t he  connection po in ts  201-203 on ly  f o r  
any mode: 

#:01 (4 
201 201 u. = $1 t1 + .... 

But, displacements f o r  201-204 can a l so  be re2overed from the  mode shapes and 
general ized displacements f o r  subst ructure S2, $i, and ti, respec t i ve l y .  Equa- 
t i o n s  s i m i l a r  t o  (12) can be w r i t t e n  f o r  U201 through U203 i n  terms o f  substruc- 
t u r e  S2, t h a t  i s  i n  terms o f  #i and t i . Compat ib i l i t y  o f  displacement gives us 
the  requi red MPC equat ion.  That i s :  

o r  i n  terms o f  t he  mode shapes 

203 - 0203 u -  

and general ized displacements: 

201 201 201 
$4 64 = $1 Tc1 + * - * + $4 34 

203 203 203 
74 $1 e1 + - . .  + #4 64 = a, t1 + - . *  + 4, 203 

Note again, i n  order t o  ob ta in  a l l  modes t h e  dependent MPC p o i n t  should be one 
o f  t he  eigenvector components o f  t he  second subst ructure 's  mode shapes, T .  

Case 111: Substructures Connected in Paral le l  and t o  Each Other 

Th is  case i s  i l l u s t r a t e d  i n  F igure  3.  Substructure S 1  could be connec- 
ted  t o  subst ructure S2 by a s h a f t  or  some type o f  sp r ing  element f o r  example. 
Assume that - the f r e e - f r e e  mode shapes o f  S i  broken a t  p o i n t  21 are  {$) and those 
o f  S2 a re  (#}. I f  an MPC card l i k e  t h a t  def ined i n  Equation (14) i s  w r i t t e n  t o  
t i e  the  two subst ructures together a t  p o i n t  21, one p o i n t  must be dependent. 
Using t h i s  procedure, a mode i s  l o s t  i n  the  eigenvalue ana lys is  o f  t he  combined 
s t ruc tu re .  I n  order t o  avoid t h i s  def ic iency,  an ex t ra  sca la r  p o i n t  can be used 
t h a t  has a displacement o f  0. P r a c t i c a l l y ,  t h e  p o i n t  must be he ld  t o  ground 
w i t h  a sp r ing  a t  l eas t  two orders o f  magnitude la rger  than other  po r t i ons  o f  t h e  
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structure (to ensure a '0' deflection value). 
respect to this extra point. 

MPC equations can be written with 
This scalar point is the dependent point. 

I 

s2 
21 

R 

- 

/ /  / / /  / 

1 INPUT 

Figure 3. Case 111: Substructures Connect to Each Other 
and to a Residual Structure, R 

Since the stiffness o f  the extra scalar point A is high, UA : 0, and 

Thus, this approach results in approximately the correct MPC relationship 
defined in Equation (14) and retains all modes designated i n  the substructure. 

DISCUSSION OF RESULTS 

In order to test the theory developed for Cases I, 11, and 111, a ser- 
In this section the models and results ies of test problems has been developed. 

are described. 

Case I: 

The basic theory was tested on the model described below and shown in 

Single Substructure Attached to a Foundation 

Figure 4. 
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Figure 4. Case I: 
Attached 

Basic Model o f  Single Substructure 
to a Foundation 

A beam s t i f f e n e d  f l a t  
w i t h  a concentrated mass a t  t h e  

p l a t e  and th ree  d i r e c t i o n a l  can t i l eve red  beam 
end were supported on th ree  d i r e c t i o n a l  t r a n s l a -  

t i o n a l  spr ings  supported a t  each of 10 The support l oca t i ons  a re  on 
t h e  g i r d e r s  which a re  f i x e d  a t  both ends. F i r s t ,  a response spectrum ana lys i s  
was run on t h e  complete problem an a r b i t r a r y  shock response spectrum pro- 
v i d i n g  a uni form base motion. Next, t h e  s t r u c t u r e  was d iv ided.  The s t i f f e n e d  
f l a t  p l a t e  and can t i l eve red  beam t h e  subs t ruc ture  wh i l e  t h e  spr ings and 
g i r d e r s  became t h e  res idua l  s t r u c t u r e .  An eigenvalue ana lys i s  was then per- 
formed on t h e  unsupported subst ructure.  Free-free modes, general ized masses, 
and s t i f f n e s s e s  were determined f o r  50 p l a t e  modes o u t  o f  a poss ib le  400 i n  one 
case and 25 p l a t e  modes o u t  o f  a poss ib le  400 i n  a second case. These, i n  turn,  
were used t o  represent t h e  component subst ructure.  The appropr ia te  scalar  
p o i n t s  (general ized coordinates),  general ized masses (concentrated mass cards), 
and general ized s t i f f n e s s e s  (spr ing cards) were b u i l t  i n t o  t h e  NASTRAN model o f  
t h e  res idua l  s t r u c t u r e .  The connection t o  t h e  res idual  s t r u c t u r e  which con- 
s i s t e d  o f  m u l t i p o i n t  c o n s t r a i n t  equations were incorporated i n t o  t h e  NASTRAN 
model v i a  MPC cards. Programs have been w r i t t e n  t o  automate t h e  i n c l u s i o n  o f  
t h e  component modes representat ion of t he  subst ructure i n t o  t h e  res idual  
s t r u c t u r e .  

locat ions.  

w i t h  

became 

Next, an eigenvalue ana lys i s  o f  t h e  reduced s t r u c t u r e  (see F igu re  5) 
was performed. 
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Figure 5 .  Case I: Reduced Dynamics Model o f  Single 
Substructure/Foundation 

The eigenvalue q u a n t i t i e s  f o r  t h e  complete model and t h e  reduced compo- 

The f i n a l  s tep  i s  t o  recover t h e  displacements, forces,  and s t resses 
i n t e r n a l  t o  t h e  subs t ruc ture .  Th is  c a l c u l a t i o n  has n o t  been poss ib le  t o  date i n  
MSC NASTRAN f o r  response spectrum and was accomplished by us ing  Equa- 
t i o n  10. I n  response spectrum analys is ,  inpu ts  a r e  s p e c i f i e d  on a mode-by-mode 
basis.  For U.S. Navy DDAM analys is ,  t h e  t o t a l  s t r e s s  i s  determined from t h e  NRL 
sum o f  t h e  modal s t resses.  NRL contour p l o t s  f o r  maximum p r i n c i p l e  s t ress  due 
t o  v e r t i c a l  uniform base acce le ra t i on  f o r  t h e  p l a t e  subs t ruc ture  f o r  both t h e  
complete model and CMS models a re  shown i n  F igure  6. 

nent mode representa t ions  a re  shown i n  Tables 1, 2, and 3, respec t i ve l y .  

ana lys i s  

- 
?.*#CflS 

Figure 6. Case I:  
Model, CMS Model (60 Modes) and CMS Model (25 Modes) 

NRL Contours o f  Maximum Pr incipal  Stress f o r  Complete 
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Table 1. Case I: Complete Model Eigenvalue Analysis Results 

MODAL EFFECTIVE MASS TABLE 

MODAL WEIGHT CUMiJL.AT I VE WE1 GHT 
MODE FREG i HZ ) POUNDS % POUNDS . % PART IC. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

0. 832 
1. 115 
1. 464 
2. 358 
3. 370 
5. 804 
6 .  955 
9.022 
9. 853 
13. 837 
14. 035 
17. 952 

50402. 78 
2629. 47 
31946. 30 
470. 23 
1038. 63 
106.24 
0. 14 
0. 36 

2681. 81 
0. 00 
0. 00 

18062. 16 

38. 79 50402. 78 
2. 02 53032. 25 

0. 36 85448. 78 
0. 80 86487. 41 
0. 08 86593. 6 5  

0. 00 86594. 14 
2. 06 89275. 95 
0. 00 89275. 95 
0. 00 89275. 95 
13. 90 107338. 12 

24. 59 8497e. 55 

0.00 86573. 7e 

38. 79 
40. 81 
65. 40 
65.  76 
66. 56 
66.  64 
66. 64 
66. 64 
68. 71 
68. 71 
68. 71 
82. 61 

1. 14E+01 
2. 61E+00 
-9. 09E+00 
-1. lOE+OO 
- 1. 64E+00 
5. 24E-01 

-1. 88E-02 
-3. O6E-02 
-2. 63E+00 
5.01E-13 
-3. 36E-04 

6 .  84E+00 

Table 2. Case I: CMS Model Eigenvalue Analysis Results (60 Modes) 
MODAL EFFECTIVE MASS TABLE 

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

MODAL WEIGHT CUMULATIVE WEIGHT 
F R E G I H Z )  POUNDS % POUNDS % 

0. 833 
1.  116 
1. 469 
2. 360 
3. 376 
5. 813 
6. 960 
9. 061 
9.922 
13. 859 
14. 051 
18. 035 

50179. 50 
2666. 01 
32074. 36 
484. 04 
1048. 68 
106. 81 
0. 13 
0. 35 

2731. 06 
0. 00 
0. 00 

18966. 68 

38. 62 
2. 05 
24. 68 
0. 37 
0. 81 
0. 08 
0. 00 
0. 00 
2. 10 
0. 00 
0. 00 
14. 60 

50179. 50 
52845. 51 
849 19. 88 
85403. 91 
86452. 59 
86559. 41 
86559. 53 
86559. 88 
8929 1.74 
8929 1 .  74 
89291. 74 
108258. 42 

38.62 
40. 67 
b5.35 
65.73 
66. 53 
66. 62 
-56. 62 
66. 62 
68. 72 
68. 72 
68. 72 
83. 32 

PARTIC. 

1. 14E+01 
2. 63E+00 
-9. llE+00 
-1. 12E+00 
1. 65E+00 
5. 26E-01 

- 1 .  82E-02 
-3. 01E-02 
-2. bbE+OO 
-9. O6E-09 
-1. 00E-05 
7.01€+00 

Table 3. Case I: CMS Model Eigenvalue Analysis Results (26 Modes) 

MOIiAL EFFECTIVE MASS T A B L E  

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

FREG (HZ 1 

0. 839 
1. 128 
1.478 
2. 365 
3.3Ei2 
5.  823 
7. 005 
9. 531 
10.352 
14. 269 
14. 3C6 
18. 481 

i l O D k L  WE I61 I 1 
POUNDS %, 

50573. 37 
2334. 33 
31Y13. 13 
486. 54 
1051. 63 
103. 41 
0. 06 
0. 25 

2831. 56 
0. 00 
0. 00 

24091. 79 

38. 92 
1. 80 

24. 56 
0. 37 
0. 81 
0. 08 
0. 00 
0. 00 
2. 18 
0. 00 
0. 00 
18. 54 

CUMULATIVE WE I G H l  
P uurws % 

50573. 37 
52907. 70 
84820. 83 
85307. 37 
86358. 99 
86462. 40 
E6462. 45 
86462. 70 
89294. 27. 
89294. 27 
89294. 27 
113386. 06 

38. 92 
40. 72 
6s. 2s 
65. 6 5  
66. 46 
66, 54 
66. 54 
66. 54 
68. 72 
68. 72 
68.  72 
87. 26 

PART IC. 

-1. 14E+01 
2. 46E+OO 
-9. 09E+00 
-1. 12E+00 
-1. 65E+OO 
-5 .  17E-01 
1. 19E-02 

-2. 54E-02 
-2. 71E+00 
-2. 83E-03 
-1. 91E-08 
-7. 90E+00 
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The st resses and stress d i s t r i b u t i o n  show excel I en t  agreement when 50 
p l a t e  modes (up t o  90 Hz) a re  used. Some accuracy i s  l o s t  when on ly  25 modes 
(up t o  30 Hz) are  chosen, bu t  t he  p a t t e r n  i s  s t i l l  s i m i l a r ,  and peaks a re  i n  the  
same loca t ions .  I t  i s ,  therefore,  necessary t o  choose enough modes t o  ensure 
inc lus ion  o f  t he  important ones. 

' 

Case 11: A Ser ies o f  Substructures Attached t o  a Residual S t ruc tu re  
(Foundat i on) 

Case I covered the  methodology involved i n  connecting a subst ructure 
(general ized coordinates) t o  the  res idua l  (physical  coord inates) .  Case I1 
demonstrates the  s i t u a t i o n  where two subst ructures are  connected d i r e c t l y  t o  
each o ther .  The technique, i n  t h e  absence o f  phys ica l  po in ts ,  i s  descr ibed i n  
the  sec t ion  on t h e o r e t i c a l  development. The t e s t  problem f o r  t h i s  case cons is ts  
o f  a s imple beam w i t h  one degree o f  freedom per g r i d  p o i n t  i n  the  l a t e r a l  

s2 

d i r e c t i o n  (see F igure  7) 

' R  

Figure  7. Case 

I P C  CARDS ** 

51 

I 

* See Equation (9)  
** See Equation (14) 

11: Basic Model o f  a Ser ies o f  Substructures 
Connected t o  Each Other and t o  a Residual S t ruc tu re  

I n  t h i s  case, a l l  30 modes were considered i n  the  complete model and 
a l l  11 modes i n  each subst ructure were re ta ined i n  t h e i r  component modes' repre- 
senta t ion .  A l l  output  resu l t s ,  both i n  the  eigenvalue ana lys is  and in te rna l  
displacements recovered i n  t h e  substructures,  agreed t o  n ine  s i g n i f i c a n t  f i g -  
ures.  
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Case 111: P a r a l l e l  Substructures Connected t o  Each Other and t o  a 
Common Residual S t ruc tu re  

The sample problem f o r  t h i s  case i s  s i m i l a r  t o  t h a t  considered i n  Case 
I except t h a t  two i d e n t i c a l  sp r ing  supported p l a t e  s t ruc tu res  a re  connected t o  
each other  w i t h  very s t i f f  spr ings and A 
p l o t  o f  t he  model i s  shown i n  F igure  8 .  

supported on extended common g i r d e r s .  

F igure  8. Case 11: Model o f  P a r a l l e l  Substructures Connected 
t o  Each Other and t o  a Comnon Foundation 

The shock response spectrum ana lys is  was again run f o r  t he  complete 
model and f r e e - f r e e  component modes were determined f o r  t he  two subst ructures.  
The CMS ana lys i s  i s  s i m i l a r  t o  t h a t  o f  Case I w i t h  the  ex t ra  c o n s t r a i n t  equat ion 
between subst ructures as i n  Case 11, w i t h  the  add i t i ona l  modeling technique 
descr ibed i n  t h e  t h e o r e t i c a l  development o f  Case 111. A new sca la r  p o i n t  was 
def ined and connected t o  a very s t i f f  sp r ing  and used as the  dependent degree o f  
freedom i n  t h e  c o n s t r a i n t  equations r e l a t i n g  the  two subst ructures.  Th is  
al lowed a l l  o ther  terms i n  t h e  c o n s t r a i n t  equat ion t o  be independent which, f o r  
unknown reasons, was requ i red  i n  MSC NASTRAN f o r  good agreement w i th  t h e  com- 
p l e t e  model (exact case). Eigenvalue r e s u l t s  f o r  both cases are  shown i n  Tables 
4 and 5. St ress contours a re  shown i n  F igure  9. F i f t y  modes were considered o f  
a poss ib le  400 i n  each p l a t e .  The agreement, again, i s  exce l l en t .  
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MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Table 4. Case 111: Complete Model Eigenvalue Analysis 
Resu I ts 

MODAL EFFECTIVE MASS TABLE 

FREG (Hi! 1 

0.842 
0. 902 
1. 275 
1. 409 
1.985 
1.985 
2. 603 
3. 176 
3. 566 
3.593 
5. 728 
5.815 
6. 221 
6. 223 
7. 075 

9. 271 
9. 391 
10. 232 
12. 625 
13. 756 
13. 856 
14. 176 
14.690 
14. 828 

7:683 

MOEAL WEIGHT 
POUNDS 

6528. 56 
0. 00 

44744.48 
0. 00 

50777.22 
0. 00 

42138.27 
0. 00 

2623.81 
0. 00 
0. 00 

4647.64 
478. 06 
0. 00 

2392. 79 
0. 00 
0. 00 

2050.21 
0. 00 
0. 30 
0. 00 
0. 00 
0. 00 

197. 13 
3. 84 

Y. 

2. 57 
0. 00 
17. 65 
0. 00 
20. 03 
0. 00 
16.62 
0. 00 
1. 03 
0. 00 
0. 00 
1.83 
0. 19 
0. 00 
0. 94 
0. 00 
0. 00 
0.81 
0. 00 
0. 00 
0. 00 
0. 00 
0. 00 
0. 08 
0. 00 

CUMULATIVE UEIGHT 
POUNDS 

6528. 56 
6528. 56 
91273. 04 
51273. 04 
102050. 27 
102050. 27 
144188. 53 
144188. 53 
146812. 34 
146812. 34 
146812. 34 
151459. 98 
151938. 05 
151938. 05 
154330. 84 
154330.84 
154330. 84 
156381. 05 
156381. 05 
156381. 36 
156381. 36 
156381. 36 
156381. 36 
156578. SO 
156582. 34 

Y. 

2. 57 
2. 57 
20.22 
20.22 
40. 25 
40. 25 
56. 86 
56. 86 
57. 90 
57. 90 
57. 90 
59. 73 
59. 92 
59. 92 
60.86 
60.86 
60. 86 
61.67 
61. 67 
61. 67 
61.67 
61. 67 
61. 67 
61. 75 
61. 75 

PAR TIC. 

-4. 11E+00 
3. 75E-08 
1. 08E+01 
2. 78E-08 
1. 15E+01 
4. 94E-06 
1. 04E+01 

-1. 74E-09 
2. 61E+00 

-1. llE-08 
2. 07E-09 
3. 47E+00 
1. llE+00 
5. 47E-09 
2. 49E+00 
2. 85E-10 
-5. 53E-10 
2. 30E+00 
2. 34E-12 
2. 81E-02 

-1. 02E-11 
1. 15E-03 
3. 48E-12 
-7. 14E-01 
9. 97E-02 

Table 6. Case 111: CMS Model Eigenvalue Analysis Results 
MODAL EFFECTIVE MASS TABLE 

FREG ( HZ 1 

0.844 
0. 909 
1. 279 
1. 424 
2. 030 
2. 161 
2. 650 
3.378 
3.611 
5. 234 
5.830 
5. 836 
6. 230 
6.242 
7.100 
8.974 
9. 465 
10.303 
13. 785 
13.849 
14. 355 
14. 533 
15. 096 
15. 148 
16. 808 

MODAL WEIGHT 
POUNDS 

6692. 56 
1. 06 

43332. 91 
0. 02 

44787. 91 
18. 66 

49267. 34 
24.65 

1694. 85 
3. 33 

3100. 32 
1483.05 
549. 92 
17. 05 

2620.00 
0. 98 

2012.26 
3. 59 
0.00 
0. 00 
0. 01 
0. 07 
15.09 
85.75 
41. 10 

Y. 

2. 64. 
0. 00 
17. 17 
0. 00 
17. 66 
0. 01 
19. 43 
0. 01 
0. 67 
0. 00 
1. 22 
0. 58 
0. 22 
0. 01 
1. 03 
0. 00 
0. 79 
0.00 
0. 00 
0. 00 
0. 00 
0. 00 
0. 01 
0. 03 
0. 02 
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CUMULATIVE WEIGHT 
POUFJDS 

6692. 56 
66'33. 62 
50226. 53 
50226. 55 
9501.4. 47 
95033. 13 
144300. 47 
144325. 13 
146019. 98 
146023. 31 
149123. 64 
150606. 69 
151156. 61 
151173. 66 
153793. 66 
153794. 64 
155806. 89 
155810. 48 
155810. 48 
155810. 48 
155810. 48 
155810. 56 
155825. 66 
155911. 41 
155952. 50 

x 
2. 64 
2. 64 
19. 8 1  
19. 81 
37.47 
37. 48 
56. 91 
56. 92 
57. 59 
57. 59 
58.81 
5V. 40 
59. 61 
59. 62 
60. 65 
60. 65 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 49 
61. 50 

PARTIC. 

4. l6E+00 
5. 25E-02 

-1. O6E+O1 
7. 576-03 
1. 08E+01 
2. 20E-01 
1. 13E+Ol 

-2. 53E-01 
2. 09E+00 
-9. 28E-02 
-2. 83E+00 
1. 96E+00 

-1. 19E+00 
-2. 10E-01 
-2. 6OE+OO 
-5. 03E-02 
-2. 28E+00 
-9. 63E-02 
2. 53E-03 
-5. 91E-04 
-3. 72E-03 
1.38E-02 

- 1. 98E-01 
4. 71E-01 
3. 26E-01 



- 
L E W L S  1 B DELrA:  1 . 1  

- 
3 . 7 1 E f U *  

Figure 9. Case 111: Contour of Maximum Pr incipal  Stress 
f o r  Complete and CMS Models 
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OTHER APPLICATIONS 

The sample problems discussed i n  t h e  previous sec t i on  a r e  very basic,  
bu t  i l l u s t r a t e  the  e f fec t i veness  and accuracy o f  Component Mode Synthesis.  I n  
add i t i on  t o  the  response spectrum analyses discussed, t h e  methodology was a l so  
app l ied  t o  t r a n s i e n t  ana lys is .  The theory i s  t he  same. Recovery o f  d isp lace-  
ments, forces,  and s t resses i n  the  component subst ructure i s  done per t imestep 
ra ther  than per mode. Implementation i n  MSC NASTRAN requ i red  a d i f f e r e n t  s e t  o f  
DMAP i n s t r u c t i o n s  cons is ten t  w i t h  the  t r a n s i e n t  r i g i d  formats.  Pre l im inary  
r e s u l t s  f o r  Case I were exce l len t ,  w i t h i n  2 percent o f  t he  complete case f o r  
component subs t ruc ture  p r i n c i p a l  s t resses f o r  a l l  t imesteps checked. Work i n  
t h i s  area i s  ongoing. 

Add i t i ona l l y ,  t he  technique i s  very usefu l  i n  problems where reana lys is  
o f  la rge  models would be p r o h i b i t i v e .  One example i s  a system i n  t h e  design 
phase where model changes are  being made w i t h  each new analys is ,  p a r t i c u l a r l y  i f  
one component o f  a system i s  changing f requent ly  and t h e  component mode repre- 
senta t ion  o f  t h e  other  components remains unchanged. Eigenvalue ana lys i s  need 
on ly  be performed f o r  t he  changing component and the  r e s u l t i n g  system dynamic 
model i s  very small  compared t o  a complete phys ica l  model o f  t h e  system. For 
large problems, CMS can help analysts  r e a l i z e  a s i g n i f i c a n t  savings i n  t ime and 
cos t .  

Another example where an even greater  economy can be r e a l i z e d  i s  t h a t  
o f  a large nonl inear  problem where on ly  a p o r t i o n  o f  t he  system i s  non l inear .  
Th is  would be t h e  case f o r  r e s i l i e n t l y  mounted shipboard propu ls ion  o r  generator 
equipment where the  mounts e x h i b i t  nonl inear c h a r a c t e r i s t i c s .  The res idua l  
s t r u c t u r e  would conta in  t h e  nonl inear  p a r t  o f  t h e  system. I n  t h e  t r a n s i e n t  
ana lys is  where f requent  s t i f f n e s s  ma t r i x  updates may be required, t he  ma t r i x  
s izes  a re  small  because o f  t he  Component Mode Synthesis.  Recovery o f  data f o r  
t he  component s t ruc tu res  i s  s t i l l  l i n e a r  and based on the  connection p o i n t  
displacement t ime h i s t o r i e s  from the  nonl inear  ana lys is .  

CONCLUSIONS 

Dynamic subs t ruc tur ing  by component mode synthes is  i s  an e f f e c t i v e  and 
accurate way t o  s imulate the  dynamic c h a r a c t e r i s t i c s  o f  large systems. I f  
enough modes a re  considered, t he re  i s  r e l a t i v e l y  l i t t l e  loss i n  accuracy, u n l i k e  
s imple dynamic reduc t ion  methods ( i . e . ,  s t a t i c  condensation, Guyan reduc t ion) .  
Work i s  ongoing t o  determine a concept (analogous t o  t h e  modal mass f o r  f i x e d  
base s t ruc tu res)  t o  evaluate r e l a t i v e  importance o f  modes f o r  f r e e / f r e e  s t ruc -  
t u res .  The reduc t ion  o f  model s i z e  a f fo rded by CMS makes poss ib le  on moderate 
s ized mainframes (such as a VAX 11/780) analyses t h a t  otherwise might  requ i re  a 
supercomputer. 
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N8 8 = I895 1 

NASDA’s New Test Facilities for Satellites and Rockets 

Mitsuhiro Tsuchiya 

Recently, the space development activities for the practical 
purposes are progressing in the world. For the development 
of large satellite, rocket, space station and spaceplane, 
new technology at the field of space simulation has been 
required. Based on the results of our basic study and 
investigation on the technology, National Space Development 
Agency of Japan ( NASDA) 
tegrated environmental and structural test facilities for 
the future large satellites. Presently , these facilities 
are under construction . This paper presents the outline 
of NASDA’s new test facilities and some technical consider- 
ations , especially for the unique vibration test facility . 

has decided to construct the in- 

1. Introduction 

Recefitly, we are developing H-2 rocket, 2 ton class large geostationary 
earth orbit { GEO satellite Engineering Test Sate1 1 i te Ti (ETS-57) 
Free- Flyer and Japanese Experimental Module (JEY of the space station 
under zne co-operation Kith N4SA and ESA , fcr the 1990’s space applications . 
These future spacecraft become larger in dimensions and heavier in weight . 
With the dev;lopment of advanced spacecraft, more severe test specifications 
are required f o r  the environmental and space simulation test facilities . 
The environmental and space simulation tests f o r  our satzllites and rocket cmpo- 
nents are performed at Tsukuba- Space- Center 
Our current facilities were constructed fo r  the satellites which are launched 
by N and H-l rockets . And the requirements for the future large spacecraft 
are beyond the capacities of these facilities . 

(TKSC) of NASDA . 

From this 
large satellites for several years. 
investigation on the future test facilities . 

situation ,we have studied environmental technologies for the future 
In 1983, we started to make the preliminary 

In 1385,we got test engineer’s gpinion from the space industries in our country. 

Based on the groval evaluation of the results of our studies, we made a construc- 
tion plan of new environmental test facilities ,in 1986 . 
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Presently,our new facilities are under construction at TKSC . And it will be 
initially used for the development tests of ETS-Vl in 1989. 

r 

1 . Target -----2 Ton class satellites ( at CEO 

2 . High Efficiency 

3 . Can Test k n y  Satellites at a Tine 

4 .  Low Cost 

5 . Open to k n y  World's Users 
8- 

In this paper , our philosophy for new test facilities, the outline of each 
facility and in paticular, some of the technical uniqueness of vibration test 
facility are discussed. 

2. Philosophy of New test Facilities 

Fig. 1 shows total system of our new test facilities. 
Our philosophy is to perform all tests of a spacecraft in one building. which 
we call 

ESA/ESTEC and IABG have a plan to improve test capabilities by adding some 
equipments and facilities for next generation satellites. 
And CNES/INTESPACE , The Institute of Space and Astronautical Science of Japan 

integrated test building" . -. 

(ISAS) have also attractive concentrated test facilities. 

However, our new test systems and facilities will be one of the most advanced ones 
in the world . 
Here, we discribe the requirements 
for our facilities. 

Next generation environment facilities will have this tendency. 

(1 ) High capacities for large 
spacecraft in the 1990's. 

(2 Ability to perforn 4 space- 
craft tests at once . 

(3 1 High efficiency of 
tes t operation. 

(4 Low cost of test operation. 
(5 ) Applicability to future space 

designed and made the building h : i c  F a e l i t 7  

Based on the above requirernents,we 

layout as shown in Fig . 2 . 

Due to above requireeents , the per- 
formance of our facilities are suma- 
rized as shown in Table 1. L l i i w c a :  h a w r a n : ,  h i p .  

p - - - - - - - - 
S a t a l l i t e  Check Cut Equip. 

Table 2 shows the full schedule about 
test facilities total plan. 



Integrated Tes t 

ORIGINAL PAGE I§ 
OE POOR QUALITY 

1. 1 

Fig .2 New Test Facilit's and Integrated Test Building 

Table .2 Project Plan of Integrated T a t  Facility 

(ETS-6 1 I 
FACILITY 
PROJECT 

- 
85 

A 

c 

Total Span - - - -  4 Years ( 7 Years including basic studis) 

PHASE 

A : Reriminary StudieJ and Test S y s h  Plan 

B : 1 NASDA's detail investigation includig industrios'oplnlon 

2 Project Planning 

3 Decision of contractors 

C :Construction of fncilities . 
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3. Vibration Test Facility 

Fig. shows the bird's-eye view of the vibration test facility, which is 
a three dimensional vibration system . 
of three directions separately without removing the test specimen from the table. 

We can perform the vibration tests 

Therefore , we can complite the test for a spacecraft shorter period than that 
of conventional test facility ,which results in high operational efficiency , 

The new vibration system consists of 4 vertical and 3 horizontal shakers for each 
axis , totally 10 shakers . 
From the results of our trade-off studies, we decided to adopt electrodynamic 
shaker rather than hydrodynamic one, from the operational and control point of 
view . 
The test table has 3mX3m size , 
through 12 hydrostatic joints . We designed the joint to move in 5 deg- 
rees of freedom . Using the table support system composed of these joints 
the control system becomes less complicated . 

which is made of aluminum alloy and supported 

The specification of the vibration facility is shown in Table3 . 

Here , we explain some technical features of the system . 
(1 1 Principle of the Supporting System 

Fig .4 shows a free body diagram of the rigid supporting table movement . 
To m0v.e the rigid table in one direction , 
with the direction of the motion have to be supported at two points in one 
face and at three points in another surface. 
Our supporting system adopts this principle . 

two surfaces of the table in parallel 
sur- 

However , for the horizontal slidings in X and Y direction , one more points is 
added to the above three points for resisting the rollir,g moment forces due to 
the test specimen . 
Fig .5 shows the location of the spherical pad bearings which are used a t  each 
point due to the above principle . 

(2 1 khanism of Spherical Pad Bearing 
* 

The hydrostatic joint designed for our system , which Me call "spherical pad 
bearing a , restricts only one degree of freedom of the motion . 
Fig .6 shows a cross section of the spherical pad bearing . 
As shown in Fig .7, the spherical pad bearing has five degree of freedom of the 
motion . 
motion along the connecting line between the joint base and 
is restricted . 

In this joint , one degree of freedom of the motion , which is the 
the supporting table, 

One of 'the technical key points in our system is to develop the hydrostatic joint, 
especially to increase the rigidity of the joint . Presently , the rigidity 
in the axial direction of the joint is designed to be approximately 8X107kg/mm . 
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U n i t :  m m  

TGTAL PERITJMANCE 

s i w x  

Fig. 3 Vibration Faci l i ty  ( Shaker and Table  Assab ly  -~ ) 

3 DIRECTIONAL SllAKER S Y S Z H  

HBICllT CAPAUiL:? : 4 . 5  tons (9,900 I b s . )  
FIEPtiECY RAYC': : SI": 5 - 100 I l i  . 

RANWE 5 -. 200 112 ( L3y b - 1  

XAHSIL'ii 
OYEliIURHINC m E H T  W A C I L I T Y  : 6 0 ta-• 

( 434,000 f r.- I bs.) 

LDS ELFJEODYNA!lIC SUADR 
VERiICAL; 
IIORIZONTAL ; 9.5 tonF X 3 shakers X . 2 directions 

9.5 tonP X 4 s h a k e n  . .  

.(21,000 I 45.) 

Table. 3 Vibration T e s t  Faci l i ty  Specification ' 

CONTROL * Cenrad, d i i t r l '  for  u p l l l u d s  control 

IDS, nn.lo( l o t  curront-pllase conk01 

i 

TEST TAOLE 
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'p 

Rolling 

Fig. 4 Principle of Supporting ih the Free Space 

Fig .  5 Distr ibut ion of the  Spherical Pad Bearings 
and t h e i r  Function f o r  Each Exci tat ion Axis 

S x e  s 

i d i n d  Member 

E l  

5 
excit 

Fig .6 Spherical Pad Bearing Fig .  Cross Sect ion O f  

Spherical Pad Bearing 
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4 . Space Simulation Test Facility 

Fig.8 shows the space simulation test facility , which enables us to perform 
solar simulation test , IR simulation test , and vacuum thermal cycle test . 
The vacuum chamber is a horizontal hammer 
This type of door enables us to use the chamber volume efficiently , because it 
is allowed to set a large specimen up toLthe chamber diameter . 
The efficient chamber volume , 13+m~16 m . was determined from the requirements 
of spacecraft and precision of solar simulator design . 
The efficient beam diameter of the solar simulator is 6 m . 

type one with a full- open-door . 

One of the most advanced technologies adopted in this facility is the collimation 
mirror composed of glass coated CFRP segments . 
Therefore , it requires a simple mechanism for the tempereture control as shown in 
Fig .9 . 

This mirror is light weight , 

And to operate the chamber system at low cost , 
the LNz-Reliquefier facility . 
The specification of the space simulation test facility is shown in table 4 . 

we reuse the vaparized Nz through 

5 . Acoustic Test Facility 

Fig .10 shows the acoustic test facility . In this facility , we adopted a 
compressed air type systear which is the same type as the current facility and 
is superior to the GNz blow - down type system in operational test efficiency . 
The maximum overall sound pressure level (SPL 1 is 151dB, and one-third octave 
band spectrum shaping is performed with the degital controller ,which consists of 
a redundant system . 
The volume of the new reverberation chamber is approximately 1600 m 3 (10.5mx9.0m 
X17.0"m 1 . And also this facility is provided with a supporting cart for large 
spacecraft . 
The specification of the acoustic test facility is shown in Table 5 . 

6 . Data Acquisition and Analysis Systera 

Fig . 11 shows the data acquisition and analysis system . This system is a 
kind of data processing center with the LAN , which consists of 
and management computers and terminals at each test area . 
We can use this system not only to process the data acquired at each test and to 
establish the data base of spacecraft design and tests, but also to storage 
ourselves technical potential. 

The new facility has high speed data processing , 
GB .laser disk . 

data analysis 

and the data memory of 40 

Table 6 shows the characteristics of the data acquisition and analysis system . 
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Fig. 8 S p c e  Simulation T&t Facility 

I l d b l U H  VliGUL 

YI\CUiItI SYsTBtI 

~I l l lOUII  SYSTI!II 

;OLAR SItIULATOIt 

OTION SItlUI,ATOII 

-. 

IIOUIZONTAL IlAtltlliR SllAPl 

USAIILI! VOLLItU( ; 13 d i m .  X 16 m Ion6 

-7  UI.TIHITE I'IIIISSURE : 1 X IO t o r r  nl  thin 16 hour: (crpty ) 

ItOUGIIINC SYSTBtl : 1 011 Rotnry Pumps and k h a n i c a l  Booster 

Pump!, 
I l ICl l  VACUIIt! SYSTEM : 3 Turbomolecular Pumps (4.900 l/s ea.) 

(~~.ooo'I/s ea. )  4 IIO Cryomrption PWPS 

2 Iln Cryo Pumps (1.700.000 l/s ea. 1 

I l l  At1 I1 I AtlE'f Elf I 6 1  
INTllHSlTY t 1 . 3  solor constant (Hax.) 

UN IFOIItII'IY I 1 6% u t  Roforcnco Plane 

SOUllCI! I 30 kH Xu lamp x 19 
~0I.I.ItIATIOH Hll t l lOl l  I Closs coolcd CFRP segmontal mirror 

(A 1 dapoJ I tod) 

llllC117 CAl"Ill.lTY I G lons 

P IN IfATI! t 0.- IO Ifl'tl (continuous and stop 

T'TITUl)l! IlANGli I I lar l rontnl  Lc 90 dcc. 

\ i  i 7"  
\\. \\ 

\\ I\ i 
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Fig. 15 Acoustic Tst Facility 
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Fig . 12 shows the integrated test building . 
The total-area of this building is about 1800 m2 and the layout is shown in Fig. 
I 9  
1 3  . 
There are two test area . 
test area . 
The spacecraft test rooms have the cleanness of class 100,000 . 
To keep the high cleanness of the building , two types of air lock loading room 
are adopted for the entrance of satellites and its supporting equipments . 
Especially,in this building 
a variety of user’s requirements . 

One is the static test area and another is the dynamic 

, a large preparation area is provided to satisfy 

Integrated Test Building 

Fig . 12 Integrated Test Building 

Fig .13 Layout of Integrated Test Building 



8 . Conclusions 
We presented the outline of NASDA’s new test facilities , our philosophy 

of NASDA’s future spacecraft development and some technical key points of our 
vibration test system . 
Our new facilities’ “easy and low cost operationability” 
requirements of many users in the world and open a door to the tests of their 
future large spacecraft . 

will answer to the 

We will be able to present some detail performances of the facilities at the 
next chance . 
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N88-18952 
Design and Dynamic Testing 

of an Instrumented Spacecraft Component 

Thomas J .  Dwyer 

This paper presents details relating to the design and 
subsequent vibration and shock tests of a spacecraft 
component for a severe vibration and shock environment. 
The design process and analysis method involves the use of 
finite element analysis coupled with the Modal Strain 
Energy method with Risk Graphs to determine and adequacy 
of the design. The vibration levels experienced by box 
parts are reduced by the application of passive constrained 
layer viscoelastic damping treatments that significantly 
improve component reliability. All significant internal 
components were fully instrumented in both the random 
vibration and shock tests, the latter being done on a 
Mechanical Impact Pyro Simulator now in use at General 
Electric. In addition information is presented detailing 
successful testing of another component with the General 
Electric shock facility and resultant responses are 
compared with another shock-generating assembly that 
critically damaged the unit. Correlation between analysis 
and test data is good, validating the modeling and analysis 
techniques. 

INTRODUCTION 

This paper presents details relating to the design and subsequent vibration 
and shock tests of a spacecraft component for a severe vibration and shock 
environment. The design process and analysis method involves the use of finite 
element analysis coupled with the Modal Strain Energy method with Risk Graphs to 
determine the adequacy of the design. The vibration levels experienced by box 
parts are reduced by the application of passive constrained layer viscoelastic 
damping treatments that significantly improve component reliability. All 
significant internal components were fully instrumented in both the random 
vibration and shock tests, the latter being done on a Mechanical Impact Pyro 
Simulator now in use at General Electric. In addition information is presented 
detailing successful testing of another component with the General Electric shock 
facility and resultant responses are compared with another shock-generating 
assembly that critically damaged the unit. Correlation between analysis and test 
data is good, validating the modeling and analysis techniques. 
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DISCUSSION 

The black box discussed (thought to be a typical black for Aerospace 
applications) consists of multiple mechanical and electrical components coupled 
with numerous Printed Wire Boards (PWBs) supported within a rigid container. The 
PWBs generally contain the most vibration sensitive parts (such as relays) and 
hence are candidates for vibration attenuation efforts. The PWBs are structurally 
tied to the box by guide rails, multi-pin electrical connectors and support 
brackets. PWB weights are generally under 2 pounds, and board surface areas are 
under 80 square inches. 

A significant number of spacecraft and component anomalies have been 
attributed to the launch vibration environment (Figure 1). In addition vibration 
is a major cause of failures occurring during ground environmental testing of 
spacecraft, components, and subsystems. This trend is coupled with increasingly 
severe vibration and acoustic environments as shown by Figures 2 and 3 and 
corresponding increases in failures with higher vibro-acoustic levels. 

I A SIGNIFICANT NUMBER OF SPACECRAFT 
ANOMALIES ARE RELATED TO VIBRATION 

65 

AVAILABLE INFORMATION 
INDICATES NOT RELATED 
TO THE DESIGNATED 
ENVIRONMENT 

UNKNOWN 

10 

5 

Figure 1 Summary of Early Satellite Anomalies 

Integration of passive viscoelastic damping treatments into the design of 
spacecraft component mounting structures (including PWBs) significantly improves 
spacecraft reliability and effectively reduces the trend of increased vibration 
severity. An additional benefit is increased damping in orbit which reduces 
response to onboard disturbances. Constrained Layer Damping Assemblies (CLDAS) 
are typically applied in strips running lengthwise across the board with a 
Viscoelastic Material (VEM) sandwiched between a stiff constraining layer and the 
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board surface. The CLDA is placed to maximize the strain energy in the VEM, 
although this is not always possible due to PWB component mounting. All PWBs 
within the box have CLDAs, as well as several other critical box surfaces. A 
typical PWB with CLDA is shown in Figure 4 .  

To determine the dynamic adequacy of the PWB designs, Finite Element Models 
(FEMs) of the integrally damped PWBs are constructed (see Figure 5) in which the 
viscoelastic material is represented by finite element solid elements and the base 
and upper constraining layer with shell elements with offsets. A standard modal 
extraction run is executed and the Modal Strain Energy Method used to determine 
the modal and damping characteristics of the boards. This method is based on the 
principle that the ratio of composite structural l o s s  factor to viscoelastic 
material loss factor for a given mode of vibration can be estimated as the ratio 
of elastic strain energy in the viscoelastic material to the total elastic strain 
energy in the entire structure when it deforms into the particular undamped mode 
shape. This ratio multiplied by the viscoelastic material l o s s  factor yields the 
modal loss factor. 

The analysis results are used to determine the dynamic adequacy and 
effectiveness using a Risk Graph (Figure 6) ,  a system that produces a design 
classification as a function of fundamental frequency, damping, board 
characteristics, and the random vibration environment. Basically, for a given 
random vibration environment, regions of variable amounts of design risks are 
generated that are based on both experience and analysis considering maximum 
deflection lines. Approximate response of a single degree of freedom oscillator 
to an acceleration Power Spectral Density (PSD) which is constant at all 
frequencies is calculated and used as a basis upon which to classify the design 
effectiveness. A second criteria used in a Risk Graph is the acceleration, since 
the Grms response is an indication of the overall severity of the environment that 
the piece-parts (diodes, crystals, resistors, relays) must endure. A 30 Grms 
response is recommended as a design goal for all boards although 50 Grms designs 
have been employed in cases where the boards do not have vibration-sensitive items 
(such as relays) in the most severe vibration axis and where spacing and other 
parameters limit damper applications. The final boundary is based on the amount 
of structural damping predicted by an analysis method, currently the MSE 
approach. This method has been employed effectively and successfully in numerous 
General Electric spacecraft and development programs. 

The box successfully passed a fully instrumented vibration test with no 
vibration-related anomalies. The random vibration testing employed standard 
electrodynamic shakers and the shock testing was done on a Mechanical Impulse Pyro 
Simulator (MIPS) in limited use throughout the industry. Figure 7 illustrates the 
MIPS test setup used for component shock testing at General Electric. 

The box was tested to random vibration levels of 18 Grms in one axis and 
approximately 13 Grms in the remaining two axes with no vibration-related 
anomalies related to the vibration testing validating both the passive damping 
treatment and the analysis method. All boards within the box as well as various 
other critical locations both in and on the container were instrumented with 
microminiature accelerometers during the test, and data from these accelerometers 
are summarized in Table 1. The accelerometers were located in the area of the 
maximum response. Measured Composite Loss Factors were obtained using circle fits 
to the high level random response data and are on the order of 0.25 for all boards 
except one. The fundamental board resonances are in the 130 to 250 Hz range and 
did not couple with the container resonance which is above 400 Hz. It is clear 
that the passive damping treatment, which is introduced with a minimum weight 
impact to the component, provides an' effective method of reducing the board 
response to the vibro-acoustic energy and hence greatly reduces the chances of 
vibro-acoustic related failures. In addition because of the excellent correlation 
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Figure 4 Typical Damped PWB with Damper shown on Board Center 
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Table 1 Comparison between Vibration Test and Analysis Results 
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the MSE approach is a reliable 
thought to be a typical vibration - _ _  

environment. Responses in this box are thought to be typical for similar 
applications throughout the industry and can be scaled for other random 
environments by analysts wanting to determine PWB response characteristics for 
their application. 

The peak Shock Response Spectrum (SRS) that the box was exposed to was 
approximately 12000 g and represents the input at the interface with the table 
mounting surface. The data summarized in Table 2 provides a definition of the 
environment within the box resulting from the MIPS simulation of the pyrotechnic 
environment. It indicates relatively high SRS levels for parts mounted directly 
to the PWBs - on the order of 1000 to 2000 g. The PWBs do provide a significant 
attenuation of the MIPS plate environment (2000 g or less for the 12000 g input) 
and the component structural environment as measured by wall response (3000 to 
7000 g). This attenuation is expected in view of the relatively low resonant 
frequencies of the PWBs. The PWB having the lowest resonant frequency is PWB 13 
while PWB 10 has the highest resonant frequency. As one would expect, the PWB 13 
SRS is significantly less than PWB 10 SRS. Again responses in this box are 
thought to be typical for similar applications throughout the industry and can be 
scaled for other shock environments by analysts wanting to determine PWB response 
characteristics for their application. 

Another example of a MIPS component illustrated in Figure 8 which sustained 
catastrophic internal damage and mounting feet deformation during prior pyro shock 
testing of the unit at another facility. That facility (Figure 9 )  is quite 
different that the MIPS facility thus affecting the path taken by the shock wave 
from the impact point to the unit. In addition in the previous test the flight 
unit itself was used during system calibration with some 67 hits made during the 
calibration resulting in probable unit over-testing. To resolve the question of 
whether the component failures resulted from being over-tested/over-exposed or 
whether the design was susceptible to normal-axis shock, another unit was tested 
at the General Electric MIPS facility. 

The unit was exposed to an approximate SRS peak input of 5000 g in both 
tests. However, upon examination of the test data presented in Table 3, it is 
clear that the component responses were grossly different between the two test 
methods. For an approximate normal axis input of 3300 g, responses at the top of 
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Table 2 Summary of Shock Response Spectra Maximum Values and Frequency 
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'REFERENCE SHIFT IN SIGNAL 

the component for the MIPS test were on the order of 2500 g, whereas responses 
with the Impact Facility illustrated by Figure 9 were some 12000 g. It is obvious 
that the unit as tested on the MIPS assembly experienced grossly lower response 
levels than experienced on the other test apparatus. The primary differences are 
due to the path the energy takes before reaching the component and a 2000 Hz 
component resonance that was magnified by a system resonance with the Impact 
Facility in the same frequency band. It is concluded that the MIPS set-up is a 
better representation of the actual environment that the unit will experience in 
flight application and imposes far less structural risk due to the test assembly 
than the Impact Facility. 

CONC LUS IONS 

Details have been presented relating to the design and subsequent vibration 
and shock tests of a spacecraft black box for a severe vibration and shock 
environment. The design process and analysis method involves the use of FEM 
coupled with the MSE method with Risk Graphs to determine the adequacy of the 
design. The vibration levels experienced by box components are reduced by the 
application of CLDAs which significantly improve component reliability. All 
significant internal components were fully instrumented in both the random and 
shock vibration tests, the latter being done on a MIPS now in use at General 
Electric. In addition information is presented detailing successful testing of 
another component with the General Electric shock facility and resultant responses 
are compared with another shock-generating assembly that critically damage the 
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Figure 8 Component Tested on General Electric MIPS Facility 

unit. It is sufficient to say that for approximately the same input to the unit, 
any component response and damage potential is significantly reduced with a MIPS 
shock test assembly. Responses documented for this vibration environment are 
thought to be typical for similar applications throughout the industry and can be 
scaled for other vibration environments by analysts wanting to determine PWB 
characteristics for their application. 
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Vibration Testing of Aft  Deckhouse Structure 
of USNS OBSERVATION ISLAND (T-AGM-23) 

Jeffrey M. Komrower 
Douglas S. Wright 

M .  Pakst ys 

Abstract 

Th is  paper deals  w i t h  v i b r a t i o n  measurements on a l a rge  sh ip  deckhouse 
s t r u c t u r e .  The s t r u c t u r e  had been mod i f ied  t o  be ab le  t o  accommodate t h e  added 
mass o f  a l a rge  radar d ish.  The t e s t  was performed i n  order  t o  i nves t i ga te  a 
poss ib le  resonant cond i t i on  du r ing  d i s h  operat ion a f t e r  excessive v i b r a t i o n  
l eve l s  were repor ted  by t h e  sh ip 's  crew. The modal t e s t  revealed t h e  lowest 
s t r u c t u r a l  mode o f  t h e  deckhouse t o  be we l l  above t h e  maximum blade r a t e  f r e -  
quency. It was a l s o  determined t h a t  fo rced v i b r a t i o n s  o f  t h e  deckhouse d i d  
occur du r ing  r a d a r  d ish r o t a t i o n ,  b u t  no evidence o f  a resonance c o n d i t i o n  was 
apparent. Excessive v i b r a t i o n s  f e l t  by t h e  sh ip ' s  crew were a r e s u l t  o f  a 
nonstandard mode o f  d i s h  opera t ion  t h a t  occurred when t h e  d i s h  was al lowed t o  
h i t  t h e  s tops a t  t h e  end o f  i t s  r o t a t i o n .  

Introduct ion 

This  paper summarizes t h e  r e s u l t s  o f  a modal t e s t  and ana lys i s  t h a t  was 
performed on t h e  a f t  deckhouse s t r u c t u r e  o f  a naval sh ip .  The vessel was 
i n i t i a l l y  b u i l t  as a "Mariner" c l a s s  merchant ship and was l a t e r  converted f o r  
naval use. The s h i p  (Figure 1) i s  564 f e e t  long and d isp laces  approximately 
19,000 tons .  Mod i f i ca t i ons  t o  t h e  a f t  deckhouse s t r u c t u r e  were performed t o  
enable t h e  s t r u c t u r e  t o  support a la rge  radar d ish (not shown). The deckhouse 
i s  shown i n  F igu re  2. Dur ing r a d a r  d ish operation, sh ip ' s  personnel no t i ced  
excessive v i b r a t i o n  l e v e l s  i n  t h e  deckhouse. This caused concern regard ing t h e  
e f f e c t  o f  t h e  l a rge  added mass o f  t h e  r a d a r  system on t h e  deckhouse s t r u c t u r e  
du r ing  underway cond i t i ons  as we1 I as v i b r a t i o n  o f  t h e  deckhouse caused by dish 
r o t a t i o n .  

The dynamic c h a r a c t e r i s t i c s  o f  t h e  deckhouse were determined by modal 
t e s t i n g  t o  i n v e s t i g a t e  t h e  poss ib le  e x c i t a t i o n  of a deckhouse na tu ra l  mode o f  
v i b r a t i o n  d u r i n g  radar d i s h  opera t ion .  V i b r a t i o n  data was a l s o  taken w h i l e  t h e  
sh ip  was underway t o  determine i f  a na tura l  v i b r a t i o n a l  mode o f  t h e  deck- 
house/radar d ish s t r u c t u r e  cou ld  poss ib ly  be exc i ted  du r ing  normal sh ip  
opera t ing  cond i t i ons .  

The a f t  deckhouse i s  a la rge  s t r u c t u r e  t h a t  i s  approximately 54 f e e t  
wide by 55 f e e t  deep and extends f i v e  The s t ruc -  
t u r e  i s  t i e d  i n t o  t h e  h u l l  by la rge  I-beams and has a l s o  been re in fo rced  by 
add i t i ona l  I-beams i n  t h e  v e r t i c a l  and athwar tsh ip d i r e c t i o n .  The radar d i s h  i s  
a l so  a very l a rge  s t r u c t u r e  w i t h  a d i s h  diameter o f  30 f e e t .  The t o t a l  weight 
o f  t h e  dish and suppor t ing base s t r u c t u r e  i s  approximately 100 tons  and i t s  
he igh t  i s  t h e  equ iva len t  o f  about four deck leve ls .  A review o f  t h e  deckhouse 
m o d i f i c a t i o n  p lans revealed t h a t  t h e  s t r u c t u r e  was no t  as heav i l y  re in fo rced  i n  

l eve l s  above t h e  sh ip ' s  deck. 
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Figure 1. USNS OBSERVATION ISLAND (T-AGM-23) 
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Figure 2. Deckhouse of  Ship (looking forward) 
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t h e  f o r e / a f t  d i r e c t i o n  as i n  t h e  o ther  two d i r e c t i o n s .  Dur ing r a d a r  d i s h  ro ta -  
t i o n ,  i t  was be l i eved  t h a t  t h e  l a rge  r o t a r y  i n e r t i a  generated by d i s h  r o t a t i o n  
was causing a t o r s i o n a l  motion o f  t h e  deckhouse. 

FFT HYDRAULIC 
ANALYZER POWER 

s u m y  

J m + 

Tes t ing  Approach and Procedures 

Tes t ing  o f  t h e  a f t  deckhouse s t r u c t u r e  was performed i n  two stages. 
F i r s t  a modal survey was performed wh i l e  t h e  sh ip  was a t  dockside and then 
v i b r a t i o n  data was taken du r ing  t r a n s i t  from S e a t t l e  t o  Honolulu, H a w a i i .  Once 
t h e  sh ip  reached p o r t  i n  Honolulu, some add i t i ona l  v i b r a t i o n  data was taken 
dur ing  r o t a t i o n  o f  t h e  radar d ish .  

A s t a t i o n a r y  f o r c e  and rov ing  accelerometer technique was used t o  
acqui re modal t e s t  data.  P r i o r  t o  t h e  f u l l  modal survey o f  t h e  deckhouse s t ruc -  
tu re ,  a p re l im ina ry  survey was performed us ing an instrumented hammer. The 
response from t h i s  survey provided general in fo rmat ion  on t h e  dynamic character-  
i s t i c s  o f  t h e  s t r u c t u r e .  This in format ion,  along w i t h  l o g i s t i c a l  considera- 
t i ons ,  was used t o  determine s u i t a b l e  loca t ions  f o r  t h e  attachment o f  t h e  
i n e r t i a l  mass e x c i t e r  head (shaker) t o  assure d a t a  q u a l i t y  and adequate exc i ta -  
t i o n  i n  t h e  subsequent f u l l  modal survey. The hammer used was a PCB 12-pound 
sledge. A load c e l l  i n  t h e  hammer t i p  and a magnet ica l ly  app l i ed  t r i a x i a l  
accelerometer were connected t o  constant  cu r ren t  power supp l ies .  The s igna ls  
from t h e  power supp l ies  were then wired i n t o  a Zonic S t r u c t u r a l  Ana lys is  system 
which processed t h e  d a t a  through a n t i - a l i a s i n g  f i l t e r s ,  analogue- to-d ig i ta l  
(A/D) conver te rs  and a Fast Four ie r  Transform (FFT) analyzer .  

Bu rs t  random e x c i t a t i o n  was used t o  acqu i re  data f o r  t h e  f u l l  modal 
survey. E x c i t a t i o n  was app l ied  t o  t h e  s t r u c t u r e  us ing a Zonic X-CITE hyd rau l i c  
e x c i t e r  system. The t e s t  setup i s  shown schemat ica l ly  i n  F igu re  3 .  The e x c i t e r  
head was b o l t e d  t o  an adapter p l a t e  t h a t  was welded t o  t h e  deckhouse s t r u c t u r e .  

TRlAXlAL 
ACCELEROMETER 

TEST 
SPECIMEN 

Figure  3.  Test  Setup f o r  Shaker E x c i t a t i o n  
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The shaker attachment p o i n t  i s  shown i n  F igu re  4. A load c e l l  i n  t h e  e x c i t e r  
head was connected t o  t h e  X-CITE system master c o n t r o l l e r  whose ou tpu t  was inpu t  
t o  t h e  s t r u c t u r a l  analyzer .  A feedback con t ro l  loop i n  t h e  master c o n t r o l l e r  
a l lows accurate c o n t r o l  o f  t h e  i npu t  f o r c e  l eve l s  and assures t h a t  constant  
f o r c e  l eve l s  can be maintained throughout t h e  data a c q u i s i t i o n .  The e x c i t e r  
head i s  h y d r a u l i c a l l y  d r i ven  and i s  capable o f  i n p u t t i n g  fo rces  o f  up t o  1,000 
pounds up t o  250 Hz.  Bu rs t  random e x c i t a t i o n  was used i n  which a pu lse  o f  
random noise i n  a s p e c i f i e d  frequency range was app l ied  t o  t h e  s t r u c t u r e .  The 
response t o  t h e  e x c i t a t i o n ,  as i n  t h e  p re l im ina ry  survey, was measured us ing  a 
h igh  s e n s i t i v i t y  t r i a x i a l  accelerometer on a magnet ica l ly  mounted b lock .  For 
each measurement p o i n t  t h e  responses from 20 shaker bu rs ts  were averaged. 

t 

Figure  4. Shaker Attachment P o i n t  on 03 Level ( look ing  a f t )  

To ensure t h a t  a l l  modes o f  i n t e r e s t  were exc i ted,  two surveys were 
performed: one us ing f o r e / a f t  e x c i t a t i o n  and t h e  other  us ing e x c i t a t i o n  i n  t h e  
v e r t i c a l  d i r e c t i o n .  A t o t a l  o f  98 measurement loca t ions  were taken f o r  each 
survey. 
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Modal Test Results 

A t o t a l  o f  f i v e  modes o f  v i b r a t i o n  were ex t rac ted  up t o  50 Hz. Mode 1 
a t  21.6 Hz was p r i m a r i l y  a v e r t i c a l  mode w i t h  a l l  decks o f  t h e  deckhouse i n  
phase. There was a s l i g h t  a thwar tsh ip motion w i t h  a l l  decks i n  phase and t h e  
radar d i s h  r i n g  o u t  o f  phase. Th is  mode shape i s  shown i n  F igure  5. 

Mode 2 had a frequency o f  28.3 Hz and was the  f i r s t  t o r s i o n a l  mode 
about the  Z -d i rec t i on  w i t h  a s l i g h t l y  coupled v e r t i c a l  mot ion.  Th is  mode shape 
i s  shown i n  F igure  6. 

Mode 3 a t  30.3 Hz was p r i m a r i l y  a v e r t i c a l  motion o f  t h e  03 and 04 deck 
l eve l s  and t h e  radar d i s h  r i n g  coupled w i t h  s l i g h t  a thwar tsh ip motion. 

Mode 4 had a frequency o f  39.5 Hz and was a t o r s i o n a l  mode o f  t he  deck- 
house w i th  second order bending o f  t he  a f t  bulkhead o f  t h e  deckhouse. There was 
very l i t t l e  motion o f  t h e  forward end o f  t h e  deckhouse s t r u c t u r e .  

Mode 5 w i t h  a frequency o f  47.4 Hz was a v e r t i c a l  mode o f  t he  03 
through 06 l eve ls  t h a t  was coupled w i t h  a s l i g h t  t o r s i o n a l  motion. 

Conclusions 

The r e s u l t s  o f  t h e  modal t e s t  revealed na tura l  f requencies t h a t  were 
higher than expected. The lowest na tura l  mode o f  v i b r a t i o n  a t  21.6 Hz showed 
t h a t  t h e  deckhouse was a f a i r l y  s t i f f  s t ruc tu re .  Measurements taken du r ing  
r o t a t i o n  o f  t he  radar d i s h  as wel l  as dur ing  underway cond i t ions  showed no 
evidence o f  a resonance problem. The lowest deckhouse frequency was we l l  above 
the  f i r s t  b lade passing frequency as we l l  as i t s  f i r s t  harmonic. Since t h i s  was 
the  maximum s h i p  speed, no resonance problems a t  lower s h i p  speeds would be 
expected. Upon f u r t h e r  i nves t i ga t i on  and f i r s t - h a n d  observat ion o f  t he  v ib ra-  
t i o n  l eve l s  present du r ing  radar d i s h  r o t a t i o n ,  it was determined t h a t  s i g n i f i -  
cant  forced v i b r a t i o n s  d i d  r e s u l t  dur ing  d i sh  r o t a t i o n ,  b u t  t h a t  a resonance 
cond i t i on  was n o t  ev ident .  The excessive v i b r a t i o n  l eve l s  t h a t  were experienced 
by t h e  sh ip ’s  crew occurred dur ing  a mode o f  operat ion when the  r o t a t i o n  o f  t he  
d i s h  was stopped suddenly by h i t t i n g  the  stops a t  t h e  extreme range o f  i t s  
r o t a t i o n .  Th is  i s  no t  a normal mode o f  operat ion,  and it was determined t h a t  
t he re  was no cause f o r  concern i f  normal r o t a t i o n  procedures were fo l lowed.  

I n i t i a l  p lans c a l l e d  f o r  a complete f i n i t e  element ana lys i s  o f  t he  
deckhouse s t r u c t u r e  and c o r r e l a t i o n s  w i t h  t e s t  data.  Cor re la t i ons  were f i r s t  t o  
be made on t h e  modal l e v e l .  A t r a n s i e n t  ana lys is  was then t o  be performed t h a t  
made use o f  data measured a t  t he  base of t h e  deckhouse du r ing  sh ip  underway 
cond i t ions  as i npu t .  Cor re la t ions  w i t h  measured responses a t  var ious places 
around t h e  deckhouse were then t o  be performed. However, ana lys is  o f  t e s t  
r e s u l t s  revealed t h a t  a resonance problem was no t  ev ident  and hence t h e  customer 
made a dec is ion  t o  terminate the  ana lys is  e f f o r t .  
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F i g u r e  6 .  Mode Shape o f  F i r s t  Mode and V i b r a t i o n  

F i g u r e  6. Mode Shape o f  Second Mode o f  V i b r a t i o n  

108 



References 

1. Ewins, D . J . ,  Modal T e s t i n g :  Theory and P r a c t i c e ,  Research Stud ies  Press 
L t d . ,  1984. 

109 



N88-18953 

Random Vibration (Stress Screening) 
of Printed Wiring Assemblies 

Gilbert J .  Bastien 

T h i s  paper summarizes t h e  r e s u l t s  of  a Random V i b r a t i o n  
Stress Screening  (RVSS) s tudy  on t h e  de t e rmina t ion  of upper 
and  lower  v i b r a t i o n  l i m i t s  on P r i n t e d  Wiring A s s e m b l i e s  
(PWA).  I t  i s  in tended  t o  s e r v e  a s  a g u i d e l i n e  f o r  eng inee r s  
and  d e s i g n e r s  who make d e c i s i o n s  on PWA f e a t u r e s  t o  
w i t h s t a n d  t h e  stresses of  dynamic t e s t i n g  and s c r e e n i n g .  
The maximum a l lowab le  PWA d e f l e c t i o n ,  "G" l e v e l s ,  and PSD 

l e v e l s  are compared t o  t h e  expec ted  o r  a c t u a l  l e v e l s  t o  
de te rmine  i f  d e l e t e r i o u s  e f f e c t s  w i l l  occur .  

INTRODUCTION 

A n a l y t i c a l  methods are developed t o  determine t h e  maximum random v i b r a t i o n  l e v e l s  
which w i l l  cause  f a t i g u e  f a i l u r e  i n  t h e  PWA components o r  i n  t h e  bare board i t s e l f .  
T h e  r e v e r s i n g  stresses on t h e  component l e a d s  i s  g iven  special  emphasis i n  t h e  

a n a l y s i s .  I n  t h e  case of RVSS, t h e  des igne r  must attempt t o  de te rmine  t h e  maximum 
v i b r a t i o n  l e v e l s  which can be e x e r t e d  on t h e  PWA i n  o r d e r  t o  su face  t h e  maximum 
number of q u a l i t y  and workmanship d e f e c t s  without  caus ing  d e l e t e r i o u s  e f f e c t s  t o  t h e  
components o r  t h e  board.  Often RVSS l e v e l s  a r e  chosen a s  a d e f a u l t  from a DOD 

g u i d e l i n e  and t h e  subsequent s c reen  is  e i t h e r  benign o r  o v e r s t r e s s f u l .  
u s e f u l  t o  have des ign  o r  test guidance on t h e  upper v i b r a t i o n  l i m i t s  f o r  t h e  PWA. 

The lower l i m i t  f o r  RVSS i s  needed t o  determine i f  t h e r e  w i l l  be  s u f f i c i e n t  f o r c e  i n  

Thus it i s  
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the RVSS to surface a sufficient number of available workmanship or quality defects 
in the PWA. 

r k  INSPECTION 

Random vibration is basically a gaussian distribution of reversing force vectors and 
as such, it is necessary to make some simplifying assumptions in the development of 
the algorythms presented here. The simplifications are reasonable first estimates; 
however, they should be considered estimates and subject to test verification. 
classical cases were analyzed since there is an extremely large number of possible 
configurations and variations of PWA's and component mix. The components which were 
analyzed are dual-in-line micro electronic devices (IC's), capacitors, resistors, 
and leadless chip carriers (LCC's). 

Only 

ELECTRICAL 6 

PERFORMANCE 
VERIFICATION 

TESTS 

RVSS 

TYPICAL RVSS PLAN 

- 
R = .99  

The plans shown in Figures l(a) - l(c) indicate the basic process steps and 
the relative reliability (E) of the process. The indicated reliability is only used 
to illustrate the relative degree of improvement and not a measured value. Plan 
l(a) shows only a one pass RVSS and a test with a repair process. A repaired PWA is 
not re-screened. Process l(b) allows for re-screening to filter out any defective 
component or workmanship flaws. Process l(c) basically is the same as lb except 
that a small PWA test is added during RVSS to detect any intermittents which may 
occur with vibration. 

ELECTRICAL 6 

PERFORMANCE 
VERIFICATION 

TESTS 

- 
R = .97 

FIGURE l(a). BASIC RVSS PLAN, STANDARD QUALITY LEVEL 
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REPAIR 

E = .999 

M F G  
h RVSS 

INSPECTION 

FIGURE l(c). BASIC RVSS PLAN, VERY HIGH QUALITY LEVEL. 

ELECTRICAL h 
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RELATIVE VALUE OF PWA STRESS SCREENING WITH PRE- AND POST-TESTS 

DEFECTS FOUNO AT OPERATION. 
RELATIVE FREQUENCY 

OPERATION 

I 1 PRE SS TESTS 

Stress screening in general may be categorized in its effectiveness by the 
illustration in Figure 2. Although the actual numbers may vary from vendor to 
vendor, there is sufficient data in the field to roughly quantify the relative 
effectiveness of screening and testing operations. However, the values vary from 
contractor to contractor. Figure 2 shows that a good pre-screen visual and 
functional test may surface even more defects than any of the screens. Without the 
random vibration stress screen, approximately 16% of the defects on a PWA may pass 
the factory undetected. These ratios vary with each contractor. 
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FIGURE 2. RELATIVE EFFECTIVENESS OF PWA STRESS SCREEN AND TEST OPERATIONS 
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RVSS W I N D O W  AND EXPECTED FALLOUT 

The ope ra t ing  stress sc reen  range or window i s  shown i n  F igure  3 .  The 
o b j e c t i v e  of a RVSS development program i s  t o  determine t h e  upper and lower 
t h r e s h o l d  and produce t h e  optimum l e v e l  wi th in  t h e  window. 
determined by t r i a l  and e r r o r  o r  by a combination of a n a l y s i s  and t e s t i n g .  
l a t e r  approach i s  p r e f e r r e d  s i n c e  it g ives  i n s i g h t  t o  t h e  p h y s i c a l  c o n s t r a i n t s  of 
t h e  PWB, components, and m a t e r i a l s  involved.  The RVSS l e v e l s  may be  ob ta ined  by 
t r i a l  and e r r o r  i . e . ,  de te rmina t ion  of t h e  l e v e l  which produces minimal f a l l o u t  and 
t h e  l e v e l  which causes  d e l e t e r i o u s  e f f e c t s .  T h e  ques t ion  w i l l  i n e v i t a b l y  a r i s e ,  
however, "How much h ighe r  can w e  go without over  s t r e s s i n g ? "  

T h e  upper l e v e l  may be 
The 

THRESHOLD OF DAMAGE 
TO CCA AN0 COMPONENTS 

t 

OPERATING SS 
RANGE (WINOOW) 

t 
NOT ENOUGH 

MAXIMUM RVSS LEVEL THRESHOLD 

MINIMUM RVSS LEVEL THRESHOLD 

+ RVSS LEVEL I I 1 COMPONENT 
FALLOUT / / / / / I / / / / /  

Figure  3 RVSS WINDOW 

PWA RVSS INPUT PROFILES AND DYNAMIC CHARACTERISTICS 

The i n p u t  p r o f i l e  of a RVSS i s  extremely important  t o  t h e  response of t h e  PWA. 

The response R ( f )  i s  propor t ioned  t o  t h e  t r a n s f e r  func t ion  H ( f )  of t h e  s t r u c t u r e  
m u l t i p l i e d  by t h e  inpu t  f u n c t i o n  I ( f )  , a s  seen  i n  Equation 1. 

T h e  t r a n s f e r  f u n c t i o n  H ( f )  i nc ludes  a l l  s t r u c t u r e s  between t h e  f o r c i n g  
func t ion  ( t h e  shaker  t a b l e )  and t h e  u n i t  under test  ( U U T ) .  This  may inc lude  a 
v i b r a t i o n  f i x t u r e  and PWA ho lde r  box. Thus, t h e  response on t h e  PWA may inc lude  i t s  
own dynamic p r o p e r t i e s  p l u s  a l l  t h e  o t h e r  suppor t ing  s t r u c t u r e  p r o p e r t i e s .  The 
n a t u r e  of t h e  random v i b r a t i o n  i s  t h a t  it w i l l  produce a l l  f requencies  i n  t h e  

spectrum range s imultaneously,  which w i l l  s t i m u l a t e  a l l  p a r t s  i n t o  resonance which 

have resonances i n  t h e  inpu t  spectrum range. T h e  i npu t  l e v e l  (ampli tude)  w i l l  on ly  
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f u r t h e r  amplify t h e  motion. A h igh  inpu t  l e v e l  a t  low frequency resonances may 
cause excess ive  bending damage t o  c e r t a i n  p a r t s ,  such a s  t h e  PWB o r  p a r t i c u l a r  

H i c r o e l e c t r o n i c  dev ices .  

N \ I N 
a 
Q 
ffl 

Figure  4 ( a )  shows t h e  NAVMAT p r o f i l e ,  which r o l l s  o f f  a t  t h e  low and h igh  end 
of a 2 0 0 0  Hz spectrum. The r o l l  o f f  a t  t h e  low end h e l p s  t o  d iminish  t h e  bending 
stresses on t h e  PWA. The r o l l  o f f  a t  t h e  h igh  end reduces t h e  h igh  response of 
smal l  h igh  n a t u r a l  f requency components. The c e n t e r  a r e a  between 8 0  and 350 Hz i s  
t h e  main area of e x c i t a t i o n .  Most PWA's  have n a t u r a l  f r equenc ie s  i n  t h i s  range.  
C e r t a i n  PWA d e f e c t s ,  however, may be su r faced  with more s t i m u l a t i o n  a t  t h e  low 
f r equenc ie s .  A p r o f i l e  such as t h a t  shown i n  F i g u r e  4 ( b )  may be used i f  i t  does not  
cause damage t o  t h e  PWA. I f  t h e  o v e r a l l  l e v e l  of . 0 4  is  t o o  h igh  and some des ign  
damage r e s u l t s ,  t hen  t h e  o v e r a l l  l e v e l  may be dropped. There i s  some evidence  t h a t  
t h i s  p r o f i l e  may be a more e f f e c t i v e  sc reen  a t  a lower G r m s  l e v e l  t han  t h e  NAVMAT 

OVERALL LEVEL - 6 GRMS 1 / 7 Y T  (TYPICAL) 
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Figure  5 shows a graph of a t i m e  h i s t o r y  response of a PWA. T h e  t i m e  h i s t o r y  
curve has  l i m i t e d  a p p l i c a t i o n .  However, it does show t h a t  t h e r e  i s  a good s i g n a l  
v o l t a g e  and t h e r e  a r e  no v i s i b l e  s i g n a l  anomalies .  F igure  6 ( a )  i s  a w i d e  band 
random v i b r a t i o n  p rocess  t y p i c a l  of an inpu t  p r o f i l e  t o  t h e  shaker  t a b l e .  F i g u r e  

6(b)  i s  a narrow band random v i b r a t i o n  process  t y p i c a l  of a PWA response t o  an input  
from F igure  6 (a ) .The  frequency spectrum i n  F i g u r e  6 ( b )  might be  a response t o  a t i m e  
h i s t o r y  of F igure  5. ! 

P 
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MEAN SQUARE SPECTRAL DENSITY S (0) SAME 
ORDER OF MAGNITUDE ACROSS A 0  AS f, 

(a1 WIDE BAND RANDOM PROCESS 

++-A w 

THE NARROW BAND PROCESS I S  TYPICALLY ENCOUNTERED AS A RESPONSE TO A 
STRONGLY RESONANT VIBRATORY SYSTEM WHEN THE EXCITATION I S  WIDE BAND. 

(b) NARROW BAND RANDOM PROCESS 

_ _  

FIGURE 6. RANDOM VIBRATION CURVES 

RESPONSE PROFILES TO RANDOM VIBRATION 

The RVSS response curve for a given input can be shown as: 
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From Cranda l l l  

where Q = Magnif ica t ion  of Motion a t  resonance.  

S ince  Q J 6, a t  t h e  PWA resonance frequency 
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RVSS RESPONSE 

EQUIVALENT SINE ACCELERATION TO PRODUCE SAME FATIGUE AS RANDOM VIBRATION 

From H a r r i s  and Crede2 and from Q = 6, 

For peak a c c e l e r a t i o n , :  

Equat ions (3)  and ( 4 )  show t h e  G ~ s  and GPEM e q u i v a l e n t s  f o r  s ine  

a c c e l e r a t i o n  equiva lence  t o  random v i b r a t i o n .  
somewhat ques t ionab le  test r e s u l t s .  
r e s u l t s  as t h e  RVSS. However, it may be p r e f e r r e d  by some companies. Poss ib ly  t h e  

The s i n e  equ iva len t  G l e v e l  produces 
A s i n e  equ iva len t  did no t  produce t h e  same 

% . H .  Crandal l ,  "Random Vib ra t ion  i n  MechanicaA Systems", A c a d e m i c  Press, N.Y. ,  1963 

2C.M. H a r r i s  and C .E .  Crede, "Shock and Vibra t ion  Handbook", M c G r a w  H i l l ,  N . Y . ,  1 9 7 6  
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determination of the proper sweep rate plus an appropriate G level would produce the 
same results. 

MAGNIFICATION FACTORS AT RESONANCE, Q 

The displacement magnification factor Q is the magnification at resonance; for 
example, at 

f/fn = 1. 

By definition, the Q depends on the damping ratio, 

C = C/Ccrit 

Figure 7 shows a magnification factor curve for a single degree of freedom system. 

5.0  

4.0 

3.0 

2.0 

1.0 

0 
0 

RATIO f / fn  

I 
FIGURE 7. MAGNIFICATION FACTOR VERSUS FREQUENCY RATIO 

For PWAs, the '' 6 '' varies with the natural frequency and other factors. 
may be estimated as shown in equation (5) 

However, Q 
if test data is not available. 

Where K is an approximate empirical correction factor for a wide variety of PWAs. 
graph of frequency vs.K is shown in Figure 8. 

A 
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FIGURE 8 .  CORRECTION MULTIPLICATION FACTOR FOR Q 
(MAGNIFICATION AT RESONANCE) FOR PWAs 
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From the standard formula (Equation 6) for determination of the natural 
frequency for any simple single degree of freedom system, 

or : 

6, = (yy (for 1 G) 
For an applied vibration input: 

SINGLE DEGREE OF FREEDOM 

and X = XO Q for magnification at resonance. Therefore, for a general PWA 
Equation(7) may be used as an estimate for determination of displacement. 

K 6 = 6,Q = (yy K s= 9.8 fn -1.5 
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For example, estimation of PWA displacement at resonance, given fn = 120 Hz, 

from Figure 8, K = 0.9; 

6 = 9.8 (120)-1-5 0 . 9  = .0067"  

OTHER METHODS OF DETERMINING Q (GIVEN TEST DATA) 

Calculating Q by the "3 dB Down" Method ..This is a quick estimate method but is not 
quite as accurate as the next two methods. 

TRANSFER 
FUNCTION 
A/F 

I t  0w I - I I- 
f l  I f 2  f .  HZ 

f c  

NOTE: 
THE BAND WIDTH MAY 
BE ESTIMATED I N  DESIGN 
AS BW - 2 <  f c  

For our example, fn = 160 and BW = 18 Hz, then Q = 8.9 

Calculating Q by the Band Width High and Low Frequency Measurement. This is perhaps 
the most accurate method but requires a Fast Fourier Transform (FFT) analyzer: 

I I I t  
I 1 1  

f l  f c  f 2  f. t- 
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1 (fZ/fl) + 1 

26 (f2/fl) - 1  
Q = - =  

e.g., fn = 160, f2 = 168, fl = 150, so  Q = 8.9. 

Calculating Q by the Input/Output Wave-Ratio. 
method of computing Q; from the figure below, 

This is probably the most popular 

I PSO - 0. :2  I 

I I 

fn f. HZ 

Input PSD = .0015 g2/Hz at fn 
Response PSD = .012 g2/Hz at fn 
Q = d0 .12 / .0015  = 8.9 

Calculating Q Directly by FFT, Response/Input Ratio. 
Q ma;y be determined directly by testing the PWA for response to input ratio across 

The magnification ratio factor 
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the entire spectrum by use of a direct transmissibility (TR) analysis by an FFT 
analyzer. Some FFT analyzers, however, do not have this capability. The figure 
below is a direct TR analysis which for very low values of is almost equal to Q, 
the magnification factor. 

f Tl  freq., Hz 

In the above figure, the TR = 8.9;  Q = 8 . 9  

GENERAL MODE SHAPES FOR PWAS 

Two PWAs are analyzed using ANSYS finite elements to determine the mode shapes. 
Actual modal analysis results confirm the mode shapes mainly at the lower 
frequencies. 
due to the non-linearity of the boundary condition (or edge restraints) and non- 
linearity of the PWB/component. The mode shapes shown in Figures 8 and 9 are 
provided for reference and to show that the first mode is usually curved, as assumed 
in this report. Of course, the amount of distortion is greatly exaggerated for 
viewing purposes. 
at higher frequencies. Thus the distortion is much smaller at f = 635 Hz than at 
f = 164 Hz. 

The PWAs sometimes do not behave as analyzed at higher frequencies, 

The actual amount of deflection and distortion diminishes greatly 
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FIGURE 8. MODE SHAPE FOR 5" X 5" 
PWA 

RVSS RESPONSE OVERVIEW 

FIGURE 9. MODE SHAPES FOR 7 X 9 PWA 

r ?, 

I d e a l l y ,  t h e  response of a PWA f o r  a random v i b r a t i o n  i n p u t  i s  dependent on 
i t s  own s t r u c t u r a l  t r a n s f e r  func t ion .  I n  t h e  r e a l  world, t h e  response t a k e s  i n t o  
account t h e  t r a n s f e r  func t ion  of a l l  t h e  suppor t ing  s t r u c t u r e s  and t h e  shaker  
i t s e l f ,  a s  w a s  d i s c u s s e d  p rev ious ly .  Thus, t h e  r e s u l t a n t  response curve i s  a 
conglomeration of PWA dynamic c h a r a c t e r i s t i c s  p l u s  a l l  t h e  suppor t  system. 

123 



N 
I 
\ 

ml (u 

8 a 

1 

0. 

RUN NO. 2(x1 AXIS. FIXTURE LOADED WITH ONE CRKT CARD ige6/02/ig 
00: ai :  30.00 ELAPSED 00: oa: 30.00 REMAINING 10: 50: 28.20 

0 

1 

1 

20 50 100 200 500 1000 2000 
FREQUENCY 

UNIT 1. TEST 1 LOG X-AXIS 
2000 Hz BANDWIDTH 200 LINES 

TOTAL GRHS 28.61 RECORD 2 CHANNEL 2 300 D.O.F. 

FIGURE lo. RESPONSE OF A TYPICAL PWA 

Figure 11 shows a typical PWA signature analysis and response measurement 
setup. Note that a PWA must have a very light weight accelerometer for measurement 
at its center, and the input accelerometer may be any weight since it is attached to 
a rigid fixture. 
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RANDOM VIBRATION RESPONSE ANALYSIS 

R e f e r  t o  t h e  random v i b r a t i o n  response shown i n  F igure  1 0 .  I n  random 
v i b r a t i o n ,  t h e  Power S p e c t r a l  Dens i ty  (PSD) i n  G2/Hz i s  ob ta ined  on a spectrum 
ana lyze r  by conve r t ing  real-time d a t a  ( G I s  vs . t ime)  i n t o  t h e  frequency domain d a t a  
by a f a s t  f o u r i e r  t r ans fo rm (FFT) .  The data may be analyzed more u s e f u l l y  i n  t h e  

frequency domain. E s s e n t i a l l y ,  t h e  spectrum data i s  d i v i d e d  i n t o  cons t an t  va lue  
f i l t e r ed  bandwidths ( B W ) .  The  bandwidth, f o r  a s p e c i f i c  FFT a n a l y z e r  (sometimes 
c a l l e d  t h e  b i n  w i d t h ) ,  i s  ob ta ined  by d i v i d i n g  t h e  frequency spectrum range by t h e  
number of l i n e s  of r e s o l u t i o n :  

SPECTRUM RANGE 
NO. OF VERTICAL LINES OF RESOLUTION 

BW = 

e.g. ,  BW = 2 o o o  - 2o = 9.9 Hz 
200  

.’ 
0 0 

0 I 

(0 

c. 

L 

” 
I 

iD I 

a, w 

rz 

(10) 

The bandwidth i s  i n c r e a s e d  by about 50% i f  t h e  Hanning f u n c t i o n  i s  t u r n e d  on (which  

i s  normal ) .  Thus, BW = 9 . 9  x 1 . 5  = 14.85 Hz 

125 



FIGURE 1 2 .  DETERMINATION OF G VS.  F 

The bandwidth v a r i e s  f o r  each type  of ana lyze r  and spectrum range s e l e c t e d .  
The G a c c e l e r a t i o n  va lue  is computed f o r  each BW, squared, and d i v i d e d  by t h e  
cons t an t  BW, t h u s  PSD ( G 2 / H z )  See F igure  1 2 .  Although t h e  a c t u a l  curve i s  
c o n s t a n t l y  changing wi th  t i m e ,  a p r o f i l e  i s  ob ta ined  by averaging  6 4  t o  128  t i m e s .  
The G l e v e l s  of t h e  PSD curve may t h u s  be c a l c u l a t e d  i n  r e v e r s e  by t a k i n g  a va lue  of 
PSD cor responding  t o  BW and performing t h e  fo l lowing  c a l c u l a t i o n :  

Each "G" i s  p l o t t e d  f o r  each c e n t e r  f requency ( f c ) .  The o v e r a l l  e f f e c t i v e  
GRMS i s  ob ta ined  by i n t e g r a t i n g  t h e  e n t i r e  curve.  This  i s  au tomat i ca l ly  fu rn i shed  

by most a n a l y z e r s .  The o v e r a l l  G r m s  i s  e s s e n t i a l l y  t h e  square  r o o t  of t h e  sum of 
powers a t  each frequency.  I f  t h e  G computation i s  not  a v a i l a b l e  on t h e  ana lyze r ,  it 
may be  computed manually.  I t  can be seen t h a t  t h e  peaks r e p r e s e n t  a s i g n i f i c a n t  
p a r t  i n  t h e  o v e r a l l  G r m s  l e v e l .  The log-log s c a l e  can o f t e n  be dece iv ing  f o r  
judging t h e  bandwidths a t  each peak . .  The r e s u l t s  a r e  shown i n  F igure  13. 

I 
Fc 

FAEOUENCY. HZ 

FIGURE 13.  PSD CURVE CONVERTED TO GWS AND XRMS VS FREQUENCY 
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The waveform is now somewhat more subdued due to the square root effect, but 
the peaks remain evident. Note that the majority of the deflection energy (Xms) 
occurs between the lowest frequency and the first mode. The balance of the energy 
is mostly all velocity energy. If we make an assumption here that the PWA acts like 
a single degree of freedom (SDOF) system which tests show is nearly the case, the 
dynamic behavior is much like one spring and one mass at its first natural 
frequency . 

2 
from: a = xu2 or G = - where x = inches 386' 

9.8 G 386 G = - Since 6.) = 2 x: f, then x = 
(2 K f)2 f2 

For PWA's, x = 6. 

DETERMINATION OF PWA RELATIVE DEFLECTION FROM TEST DATA 

The determination of the response of the PWA relative to its edge (the input) 
is the goal of the response analysis. The absolute PSD, G, and displacement of the 
PWA was obtained. The displacement is shown in Figure 14. Subtracting the maximum 
displacement of the PWA at the critical frequency from the input displacement at the 
same frequency provides a fair evaluation of the displacement. 

Thus in the case shown, the lowest natural frequency of the PWA (first mode) 
also is the worst case for PWA displacement. As stated before. The analysis 
requires test data for an actual PWA. However, the first mode response can also be 
estimated by analytical techniques. The PWA(relative), or 6 m ~  for short, is then 
compared to the maximum allowable 6 m ~  for PWAs discussed in detail in the following 
sections of this report. One important aspect of relative motion is that for 
discrete components (such as axial lead types), the component has no differential 
motion with the PWA at frequencies lower than the discrete component resonance 
frequency. At resonance of the discrete component, the component moves out of phase 
with the PWA and this is where the component wires are stressed. At frequencies 
above the component natural frequency, the component hardly moves at all, thus 
nearly no stress. The bending of the PWA, however, can cause lead wire stress. 
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- 4  
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X - 
CALCULATED DISPLACEMENT OF 
EXAMPLE CCA AT CENTER 
(FIRST MODE FREQUENCY = 120 HZ) 

-3 2 CENTER = 7.9(10) IN 
(AT fn = 120 HZ) 

- 
-4  SEDGE = 5.2(10) IN AT EDGE NAVMAT 

PROFILE, 1 GRMS n I  
20 

FIGURE 14. DISPLACEMENT OF PWA AT CENTER AND EDGE 
(BASED ON EXAMPLE) 

From Figure 14, 

&EL = 7.9 x - 5 . 2  x = 7.38 x in. 

Another method to estimate relative displacement is to apply the Crandall 
theory,  E q n .  (2a) : 

also since, 

9.8 G 
2 
fn 

and Q = with K = 1 x = -  

then 
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As an example, from figures 11 and 13; 

6 = 12.3 (-) O 4  = 6.19 x in. 120512 

Thus both methods are reasonably close; however, the first method is the more 
accurate since the second method is for broadband input, and the NAVMAT curve is not 
a full broadband across the spectrum. The later method, however, is used in design 
since the actual curves are usually not available until long after the design stage. 

DETERMINATION OF MAXIMUM ALLOWABLE PWA "G" LEVEL FROM TEST DATA 

An alternative method to determine whether or not the maximum allowable 
displacement will be exceeded is to calculate the response G profile, as was done in 
Figure 15, and to superimpose a line on the curve which represents the maximum 
permissible G level vs. frequency given a value for maximum relative PWA deflection 
( 6 )  at the center. 

G - 0 .1  6 f 2  
(ASSUMES6 = 0.0!5' FOR EXAMPLE) c 

- ABSOLUTE CCA CENTER ALLOWABLE 'G' L INE 
(RELATIVE CCA DISP + INPUT) 

RELATIVE CCA CENTER ALLOWABLE 'G' L INE 
BASED ON A GIVEN 6 INPUT 

NAVMAT PROFILE 6 GRMS 
vs  FREO 

G (CALCULATED FROM PSD 

20 100 1000 2000 

FREQUENCY. Hz 

FIGURE 15. RELATIVE AND ABSOLUTE PWA CENTER ALLOWABLE 
DISPLACEMENT LINE (BASED ON EXAMPLE PWA) 
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From Figure 15, the absolute and relative PWA center allowable displacement 
line is determined. The relative displacement is a plot of the equation 
G = 0.1 6 f2. The absolute is the addition of this equation plus the input. The 
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NAVMAT p r o f i l e  ( s i x  G ~ s  i n p u t )  was used i n  t h i s  example. Note t h e  c o n t r i b u t i o n  of 

t h e  inpu t  t o  t h e  a b s o l u t e  PWA curve .  The a b s o l u t e  G l i n e  is  needed t o  compare t o  
t h e  a b s o l u t e  G response l i n e  i n  o r d e r  t o  compare app le s  t o  app le s .  

The a b s o l u t e  PWA c e n t e r  a l lowable  displacement  i s  p l o t t e d  on t h e  G v s .  
f requency response curve  i n  F igure  1 6 .  

I r' s 
/ 

100.0 

10.0 

G 

1.0 

0.1 

20 100 1000 a000 

FIGURE 1 6 .  MAXIMUM ALLOWABLE PWA "G" INPUT LEVEL 

As described above, t h e  a b s o l u t e  a l lowable  G l i n e  is  ob ta ined  by adding t h e  
inpu t  t o  t h e  r e l a t i v e  a l lowable  G l i n e  i . e . ,  

G ABS. (PWA) = INPUT G + G REL. (PWA) each frequency.  

Note from Figure  1 6 ,  t h e  PWA a l lowable  G l i n e  (AGL) i s  e s t a b l i s h e d  based on a 
selected maximum a l lowable  d e f l e c t i o n  (6) of t h e  PWA a t  i t s  c e n t e r .  T h e  manually 

c a l c u l a t e d  ( o r  ana lyze r  computed d i s p l a y )  G v s .  f requency response curve is  
superimprosed on t h e  AGL curve and t h e  s a f e t y  margin obta ined .  Note t h a t  there a r e  

two c r i t i c a l  a r e a s .  The p o i n t s  A & B i n d i c a t e  t h e  s a f e t y  margin f o r  t h e  f i r s t  mode 
resonance, which may be t h e  most c r i t i c a l  f o r  caus ing  d e l e t e r i o u s  e f f e c t s  t o  t h e  

component l e a d s .  P o i n t s  C & D i n d i c a t e  t h e  s a f e t y  margin a t  t h e  lowest  imposed 
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frequency. Points A ti B may be the most critical and thus both areas should be 
considered for determining the maximum G response. The higher frequencies do not 
appear to impose a threat to the PWB or its components since the safety margin is 
very high. The saftey margin should be approximately a factor of 3 to allow for the 
3 0  statistical variation which could triple the the stress 3% of the time. 
however, that the AGL shown above was for establishing the maximum deflection or 
bending of the PWA and does not address lateral or transverse vibration. 

Recall, 

The AGL is an approximate method of establishing a limit for the PWA response, 
but it is not as accurate as the comparison of the PWA actual deflection to the 
maximum permitted deflection. The response is based on at least 64 to 128 data 
averages on a spectrum analyzer (which takes only a few seconds). In addition, the 
bandwidth of the first mode peak contributes to the accuracy. However, as an 
approximation, tests show it is a reasonably good guideline for most applications. 

DETERMINATION OF MAXIMUM ALLOWABLE PSD LEVEL FROM TEST DATA 

A maximum allowable PSD level may be obtained by a method similar to the AGL 
method discussed previously. The premise is as before, namely that a deflection (6) 
of the PWA in bending is established from one of the criteria in the following 
sections. From equation (12), 

G = 0.1 6 f2 (15) 

This operation establishes the limit of G for a given 6 at a given frequency. 
By squaring the equation and dividing by the filtered bandwidth of Equation (16), we 
may obtain an allowable PSD limit line (APL) similar to the AGL line. 

G~/BW = (0.1 6 f2) 

Equation (16) is the relative APL. The absolute APL is obtained in a similar 
fashion to the absolute AGL, namely by adding the input PSD curve to the relative 
APL, i.e, 

T L  = 0.01 62 f4/BW + Oo 
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FIGURE 17. MAXIMUM ALLOWABLE PSD INPUT LEVEL 

Figure 17 shows the PWA response at two different NAVMAT levels and the 
allowable PSD limit line. The safety margins are shown similar to the ones in 
figure 16. 

Once again, this method is only approximate and is not preferred to the direct 
The accuracy of this method depends on the same displacement comparison method. 

factors mentioned previously. 
quick way to check for problems. 

The advantage of this method is that it offers a 

PWB BENDING PARAMETERS 
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HICPO ELECTRONIC DEVICE 

LEGEND 

b = WIDTH O F  RECTANGLE 

R = RADIUS O F  CURVATURE 

L = LENGTH OF MICRO 

PWB 

O F  PWB 

ELECTRONIC DEVICE 
NEAR CENTER OF THE 
END LEAD 

LEAD ON THE DEVICE 
d = ELONGATION OF THE END 

= PWB DEFLECTION NEAR 
L 
I 

0 

' 4  

I ca 

' m  

THE CENTER 

I 

NOTE: "d" Is NOT NORMALLY MEASURED I N  RVSS TESTING 3 .- 

- 
FIGURE 1 8 .  PWB DEFLECTION PARAMETERS 

From F i g u r e  1 8 ,  

L 2  o r  R = -  
8 R  8 d  
L 2  d = -  

6 = R  ( l - c o s e )  = -  R e2 and 6 =  8 b 2 d =  ( : ) 2 d  
8 L2 2 

o r  rear ranging  

L 2  d = 6  ( g )  

I C  LEADS I N  BENDING 

( 1 8 )  

(19) 

( 2 0 )  

T h e  in tegra ted  c i r c u i t  ( I C )  undergoes stress as r e s u l t  of PWB bend ing  (see 
F i g u r e  19). 
i n  t h e  I C  leads and t h e  m a x i m u m  allowable PWA de f l ec t ion .  

T h e  f o l l o w i n g  ana lys i s  provides a simple method t o  de te rmine  t h e  stress 
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I k IC LEADS 

GENERAL IC 
CONFIGURATION 

LEGEND 

h = LEAD THICKNESS. I N .  
d = BENDING DEFLECTION OF LEAD, I N .  
P i '  EQUIVALENT LOAD ON IC LEAD, 
Ei '  MODULUS OF ELASTICITY OF I C  LEAD. 

LBS. 
P S I .  

Ii' MOMENT OF INERTIA OF IC LEAD, IN+ 

1 r l  > 
-'5- I " DETAIL A 

BENOING OF 
IC LEADS. 

.J 

w 0 

0 

W 
L' 

Y 

I 
,s V k - c w - 

FIGURE 1 9 .  GENERAL D I P / I C  ATTACHMENT TO PWA 

I t  i s  desired t o  determine t h e  stress on t h e  end leads of t h e  D I P  f o r  a given 
PWA displacement.  

F r o m  t h e  f r a m e  s t r u c t u r e :  

T h e  D I P  end leads a re  
deflected a distance "d" 

(See  F igu re  23)  

FRAME ANALOGY 
FROM THE THEOREM OF CASTIGLIANO 
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For most DIPS,  12 = 4 11 

P r o p e r t i e s  

Ul t imate  S t r eng th  
Y i e l d  S t r eng th  

E, Modulus of E l a s t i c i t y  
Se ,  Endurance L i m i t  

(Fa t igue  S t r eng th ,  
Es t imate  Only) 

The stress on t h e  end l e a d  i s :  

~~ 

Kovar 

77,500 p s i  
40  - 59,500 p s i  

2 0 , 0 0 0  p s i  
38,750 p s i  

6 
( J = -  and M = 9/5 P 11 and d = 

I (b/L)  

9 3 0 E h  6 - .239 E W 6 - 
2 ( b / L ) 2  ( b / L )  

6 =  
2 113 5 l1 

o r ,  s o l v i n g  f o r  t h e  PWA d e f l e c t i o n  i n  t e r m s  of t h e  D I P  l e a d  stress, 

The D I P  l e a d s  may be Kovar o r  a l l o y  4 2 .  See Table 1 f o r  p r o p e r t i e s .  The 
stress l e v e l  i s  selected on t h e  b a s i s  of f a t i g u e  normally.  T h e  "11" va lue  is  .030" 

f o r  many D I P  d e s i g n s .  The "h" va lue  i s  approx. .010". 

TABLE 1. MATERIAL DATA FOR KOVAR AND ALLOY 42 

I Alloy 42  

7 0 , 0 0 0  p s i  
35 - 50,000 p s i  

2 1 , 0 0 0  p s i  
35,000 p s i  

A c o r r e c t i v e  curve  (F igure  20) i s  shown below f o r  mod i f i ca t ion  of equat ion  
( 2 1 )  t o  a l low f o r  t h e  s t i f f e n i n g  e f f e c t  of t h e  component on t h e  PWA. The c o r r e c t i o n  
f a c t o r  i s  based on some t e s t i n g  of o rd ina ry  PWA's and comparison t o  ANSYS a n a l y s i s .  
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SIMPLY SUPPORTED FIXED EDGES - f, = 60-70 HZ f, = 130-160 HZ 
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\ 

1 1 I 1 I I 
0.1 0.2 0.3 0 . 4  0.5 

L/B 

PWB IN BENDING 

PWA w i t h l e  SuDDort Edoe Restr- 
by a beam whose length is equal to the width of the short side. 
ratio of a/b, the more accurate the assumption. 
with the appropriate boundary conditions may be used. The simplicity of this method 
lends itself to simple use standard beam equations. The method is illustrated below 
and is sometimes referred to as the 10% slice method. In this method, the MC/I 
formulas apply. 

A retangular flat plate may be approximated 
The higher the 

The formulas for an ordinary beam 

The equation for the deflection of a simple supported beam is found in almost 
all strength of materials text books and structural analysis manuals. The beam 
length is "b" and the width is assumed to be 10% of the "a" dimension. 

As a quick estimate approach, the PWB may be analyzed as a beam with the 
length of the beam equal to the PWA side "b", and the width equal to 10% of length 
rla.ll Thus, the configuration shown below is assumed. 

SIMPLY SUPPORTED BEAM 
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The equa t ion  f o r  t h e  d e f l e c t i o n  of a beam uniformly loaded  a c r o s s  t h e  span and 

Mat e r i a  1 E, p s i  

G-10 2 . 0 0  x 1 0 6  

Polyimide 2.75 x l o 6  

Aluminum Oxide 4 5 . 0  x lo6 

simply suppor ted  i s :  

Fa t igue  S t r eng th ,  n = l o 7  c y c l e s  

2 0 , 0 0 0  

18,000 

12,500 

W 
b4 where w = - 384 E I b 6 =  

The moment a t  t h e  c e n t e r  i s :  

5 W b3 
384 b E I 384 E I 

5 w b 4  --- - is= 

and 

5 M b2 
48 E I 

6 =  

6 =  
b =  
w =  

w =  
M =  

E =  

I =  

The bending stress a t  t h e  c e n t e r  of t h e  PWb is:  

M C  4 8 E I 6  t 4 . 8 E 6 t  
Q = - =  - =  

I 5 b 2  b2 

LEGEND 

Deflec t ion ,  i n  

Shor t  side span of PWA, i n  
D i s t r i b u t e d  load ,  l b / i n  
T o t a l  load,  l b  

Moment, i n - l b  
Modulus of E l a s t i c i t y ,  l b / i n 2  
Moment of I n e r t i a ,  i n 4  

. . -  

thermal  mounting p l a t e s ;  however f o r  a f l a t  p l a t e :  
11 I11 and "C" may have t o  be c a l c u l a t e d  f o r  PWAs wi th  c o o l i n g  d u c t s  and/or  

b2 
t 
- (25) 

137 



PWA with F V  - PWAs a r e  not  always r e s t r a i n e d  a s  a s imple 

suppor t .  A more t y i c a l  r e s t r a i n t  i s  a f i x e d  end type  which i s  shown i n  F igure  2 1 .  

c I 
S INK PLATES PLATES ATTACHED 

(C TO BE DETERMINED ATTACHED 
IN EACH CASE) 

-J u 

FIGURE 2 1 .  F I X E D  EDGE PWB 

I n  t h i s  ca se ,  t h e  equa t ion  f o r  d e f l e c t i o n  of a f i x e d  edge beam is: 

W b3 
384 E I 

6 =  and M = -  W ( 6 b x  - 6x2 - b 2 )  
1 2  b 

MA = .OB3 W b  MB = . 0 4  Wb 

Therefore ,  

MA b2 
= -031 - 

E 1  
b3 6 = -  MA 0 

.083b 384 E 1  

The stress a t  “A” i s :  

. -=  t’2 1 6 . 1  E 6 - t MC 6 E 1  
( J = - =  

I .031 b2 I b2 

o r  

. 0 62 (Jmx 
SMAx=(  E ) ($) 

ANOTHER APPROACH TO PWB BENDING 

A “Simple Support” approach can be analyzed a s  fo l lows:  
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BASIC BEAM IN BENDING 

For a structure in bending, the moment and radius of curvature is related by: 

I O  
where M = - - = -  8 8  

b2 EI t/2 

8 6  2 0 1  2 0  
b2 tEI tE 

This compares to Equation (25) 

LEADLESS CHIP CARRIERS (LCCs) AND PWB IN BENDING 

Leadless chip carriers (LCC's) such as that shown in Figure 22 present a 
somewhat different problem for determination of the maximum bending and deflection 
of the PWA in vibration. LCC's may be used on ceramic PWB's which has a material 
stiffness 16-20 times higher than ordinary G-10 fiber glass epoxy. In the LCC, 
there are no leads to be stressed. However, the solder tabs at the interconnection 
act like small springs with different applied forces on them depending on the 
compliance and curvature of the PWB. The end solder tabs on the LCC are the highest 
stressed much the same as the DIPS. The soldering quality and workmanship may be 
particularly important in this type of interconnection since a weak solder joint, 
cold solder joints, solder voids, etc., directly affect the failure mode. The 
development of the maximum bending and deflection criteria leads to: 

For example, 
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where os = Stress level in the solder joint, psi 
1, = Effective length of the solder joint, in 
Es = Modulus of Elasticity of Solder, psi 

Sn/Pb/In U.S. s.s 
psi psi 

63/37/ - -  7700 5400 

50 / - - /50  1720 1630 

- - /50 /50  4670 2680 

50 /50 / - -  6200 6200 

A 
Table 3 

F.S. E 
(estimate ) (estimate ) 

psi psi x ( 1 0 ) 6  

3100 4.6 

690 3.4 

2500 18 .0  

1870 2 .0  

typical length (1,) at the solder joint may range from 
f o r  solder strength and other parameters.) 

1 1  i L 
LCC SOLDER PAD 

/ , SOLDER 

m 
- 

FIGURE 22. LCC SOLDER INTERCONNECTION 

.001" to .003". (See 

Sn = % tin 
Pb = % lead 
In = % indium 

LEGEND U.S. = Ultimate Strength, psi 
S.S. = Shear Strength, psi 
F.S. = Fatigue Strength, psi 
E = Modulus of Elasticity, psi 
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From F igure  23, a LCC loaded PWA wi th  power on o r  i n  a h igh  tempera ture  
environment ( o r  bo th )  may affect  t h e  o v e r a l l  f a t i g u e  s t r e n g t h  of t h e  s o l d e r  due t o  
l o c a l  ho t  s p o t s .  Thus temperature ,  q u a l i t y  and s o l d e r i n g  workmanship a l l  d i r e c t l y  
a f f e c t  t h e  s t r e n g t h  of t h e  LCC/PWA. A combined thermal  and v i b r a t i o n  stress sc reen  
would cause  50% reduc t ion  i n  f a t i g u e  s t r e n g t h  du r ing  a 55OC h o t  c y c l e  (us ing  63/37 
s o l d e r ) .  Thus, t h e  RVSS would have t o  be reduced i n  a combined environment.  

< In 
0 
2 

!? 

TEMPERATURE. OF 
36 1 

FIGURE 23. FATIGUE STRENGTH VS TEMPERATURE FOR 
ESTIMATED VALUES 

h) 

m 

n 

63/37/0 SOLDER 

.J - - 

DETERMINATION OF PWA NATURAL FREQUENCY BY PLATE METHOD 

The g e n e r a l  equa t ion  below i s  used t o  s o l v e  t h e  g e n e r a l  d e f l e c t i o n  of a PWA 

wi th  g iven  boundary c o n d i t i o n s .  
determine t h e  n a t u r a l  f requency of t h e  PWA. 

T h e  g e n e r a l  d e f l e c t i o n  formula may then  be used t o  

6 

The r e s u l t  i s  of t h e  form, 

6 = 6o s i n  (y) s i n  ( xy ) 

o t e :  6 i s  i n  
he 
e r p e n d i c u l a r  
i r e c t i o n  t o  
he PWA 
u r f  ace .  

The s o l u t i o n  f o r  n a t u r a l  f requency i s  de r ived  f o r  any geometry and va r ious  
boundary c o n d i t i o n .  The s o l u t i o n s  were p l o t t e d  f o r  a g iven  weight d e n s i t y  
(w/ab = .017 l b / i n 2 ) ,  Modulus of E l a s t i c i t y  (E = 2 x 1 0 6  p s i ) ,  Poisson 's  r a t i o  

(p = .12),  and PWB t h i c k n e s s  (t  = .062**) .  The va lues  of n a t u r a l  f requency may t h u s  
be ob ta ined  d i r e c t l y  from t h e  p l o t s .  I f  va lues  o t h e r  t han  t h e  above a r e  used, 
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c o r r e c t i o n  f a c t o r s  may be used and a r e  shown a t  t h e  end of t h i s  s e c t i o n .  The b a s i c  
s t i f f n e s s  f a c t o r  used i n  all cases t o  determine t h e  n a t u r a l  f requency i s  a s  follows. 

From Meirovi tch l ,  t h e  s t i f f n e s s  f a c t o r  of a p l a t e  i n  g e n e r a l  i s  g iven  by "D", 

E t3 
D =  

12 (1 - p q  
(29) 

LEGEND E = Modulus of E l a s t i c i t y ,  p s i  
t = PWA th i ckness ,  i n  
p = Poisson ' s  r a t i o ,  dimensionless  
p = W/abg = yL/g mass dens i ty ,  l b  s ec2 / in3  

W = Tota l  weight of t h e  PWA, l b  
y = Densi ty ,  l b / i n 3  

a = Long l e n g t h  of t h e  PWA, i n  
b = Shor t  l e n g t h  of t h e  PWA, i n  
g = Acce le ra t ion  of g r a v i t y ,  386.4 i n / s e c 2  

T w o  s i m p l e  c a s e s  a r e  c a l c u l a t e d  f o r  example purposes .  

For a PWA w i t h  a l l  edges simply supported,  t h e  n a t u r a l  f requency i s  given by: 

f o r  epoxy-glass G-10 p = .12 and E = 2 x l o 6  p s i  

5 3 lb i n 3  W 
D = 1 . 6 9  x 10 t E4 P = a b g  & g = 386 i n / s e c 2  

in2  

f n  = 1.27 x lo4 t3 a b (2 + $) 
Example a x b = 5" x 5.5", t = . 062"  PWA and where W = 1 . 0  lb: 

f n  = 1.27 x IO4 ( . 062)3 (5 )  ( 5 . 5 )  (& + A) 5.52 = 71 H z  

I L .  Meirovi tch,  "Elements of V ib ra t ion , "  McGraw H i l l ,  N . Y . ,  1975 

* D . S .  S te inberg ,  "Vibra t ion  Analysis  f o r  E l e c t r o n i c  Equipment", J .  Wiley & Sons, 
1973 
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Case 21  

Example p l o t s  of n a t u r a l  f r equenc ie s  f o r  g iven  r e c t a n g u l a r  p l a t e  geometr ies  
a r e  provide  f o r  v a r i o u s  boundary cond i t ions  (see Figures  2 4 , 2 5 ) .  The weight 
dens i ty ,  modulus of e l a s t i c i t y ,  PWB th i ckness ,  and Poisson ' s  r a t i o  a r e  assumed f o r  
s i m p l i c i c a t i o n  purposes  and t h e  assumed va lues  a r e  a s  s t a t e d  a t  t h e  beginning of 
t h i s  s e c t i o n .  Other  p l o t s  f o r  o t h e r  boundary cond i t ions  a v a i l a b l e  on r eques t  t o  t h e  
au tho r  

To determine n a t u r a l  frequency, f i n d  t h e  c l o s e s t  boundary c o n d i t i o n  c a s e  and 
o b t a i n  t h e  n a t u r a l  f requency , fn .  

I O N  FACTORS, 

1. HANCE. Calcu la t e  F = W/ab. 
I f  W/ab # .017 l b / i n 2 ,  t hen  m u l t i p l y  t h e  n a t u r a l  f requency f n  by 

2 .  

d.O17/F 
e .g . ,  i f  F = .025 l b / i n 2  and f n  = 100 Hz 

f n  ( c o r r e c t e d )  = 4% 1 0 0  = 82.5 Hz 

: Determine E .  
I f  E # 2.00 x l o 6  l b / i n 2 ,  t hen  m u l t i p l y  n a t u r a l  f requency f n  by 

e .g . ,  i f  E = 2.75 x l o 6  and f n  = 1 0 0  Hz 
b 

2.75 lo6 100 = 117 Hz 
2.00 x 1 0 6  

f n  ( c o r r e c t e d )  = 

3.  Any p < .03 does not  s i g n i f i c a n t l y  change t h e  r e s u l t  

and does no t  r e q u i r e  a c o r r e c t i o n  f a c t o r .  

4 .  PWR T H I C K W S  CHANGE. Determine t .  
I f  t # .062", t hen  m u l t i p l y  n a t u r a l  f requency f n  by 

( t / . 0 6 2 I 3 I 2  
e .g . ,  i f  t = . l o "  and f n  = 1 0 0  Hz 

f n  ( c o r r e c t e d )  = (z) 3/2 1 0 0  = 200 Hz 10 

I b i d  
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FIGURE 2 4 .  FIGURE 25. 

AXIAL LEAD COMPONENTS AND PWB I N  BENDING 

i An ax ia l  l e a d  component, such a s  t h a t  shown i n  F i g u r e  26, is s u b j e c t e d  t o  
stress i n  t h e  leads when a PWA deforms a s  shown. Equation (31) shows t h a t  t h e  

stress i n c r e a s e s  d i r e c t l y  as t h e  d / l  r a t i o  i n c r e a s e s  and i s  a l s o  p r o p o r t i o n a l  t o  t h e  
span of a t tachment  L. 

parameters  are more l i k e l y  t o  be damaged i n  v i b r a t i o n .  Equat ions (32) and (34) 
provide  a guide  f o r  t h e  maximum d e f l e c t i o n  ( 6 )  of t h e  PWA. T h e  va lues  f o r  l e a d  

a l lowable  stress and Modulus of E l a s t i c i t y  (E)  a r e  ob ta ined  from Table 4. It can be 
seen t h a t  steel and n i c k e l  w i r e s  a r e  very  s i m i l a r  s t r u c t u r a l l y .  T h e  weight of t h e  
component i s  no t  a major c o n s i d e r a t i o n  i n  t h i s  case, bu t  it is important  i n  l a te ra l  
and t r a n s v e r s e  v i b r a t i o n .  Bonding agen t s  w i l l  ho ld  t h e  component down and decrease  
some of t h e  stress i n  t h e  lead w i r e s  due t o  v e r t i c a l  motion. 
stress i n  t h e  w i r e s  due t o  PWA bending however. 

Thus, t h e  components with t h e  h ighes t  va lues  f o r  t h e s e  two 

There w i l l  always be 
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TABLE 4 .  LEAD MATERIAL DATA 

Lead E 

M a t e r i a l  lo6 p s i  

S t e e l  30 
Nickel  31 
Copper (HI 17 
Copper (S) 17 

U.S. S.S. F.S. 

p s i  p s i  p s i  

60,000 30,000 33,000 
52,000 26,000 28,000 
48,000 24,000 17,000 
33,000 16,500 11,000 

LEGEND: E = Modulus of E l a s t i c i t y  
U.S. = Ult imate  S t rength ,  p s i  
S .S .  = Shear S t rength ,  p s i  
F.S. = Fa t igue  S t rength ,  p s i  

LcGmD 

L - CCA DISTANCE TO PLATED 
THROUGH HOLES, IN 

C - BODY LENGTH, IN 
d - W I R E  DIAMETER, IN 

8 - SLOPE OF CCA, W i m S  

$,- DEFLECTION OF CCA, IN 

\ - STAND OFF DISTANCE, Th’ .. 

e 

FIGURE 26. DISCRETE AXIAL LEAD COMPONENT I N  BENDING 

A typical a x i a l  l e a d  component is  

mounted on a PWA with  s i m p l e  suppor ted  edges. The stresses and maximum permitted 
PWA d e f l e c t i o n  i s  analyzed.  

From Figure  34: 

y = 6o s in -  I t X  (General  S ine  Shape f o r  PWA i n  Bending 
b 

R X  b - L  and x = - 8 = * = 6,E cos- 
dx b b 2 

It 
b 

R (b - L)  - 6 0 x  
2 b  b 2 b  8 = 60- cos  
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s i n c e  f o r  0<< 1, s i n 0  = 0 6 0 A  7 t l  6ox 7 t l  e = -  s in -  = - - 
b 2 b  b 2b’ 

6 0 x 2  L e = -  r a d i a n s  
2 b 2  

( 3 0 )  

Dete .d .n&ion  of Stress on Leads. The l e a d s  of t h e  component shown i n  F igure  3 4  a r e  
stressed when a PWA i s  d e f l e c t e d .  The l e a d s  a r e  p u l l e d  down a d i s t a n c e  “d” and 
t w i s t e d  through an ang le  8 a s  shown below: 

Y 

(A) LEAD PULL DOWN (B) LEAD TWIST 

The stress i n  t h e  l e a d s  i s  t h e r e f o r e  composed of two p a r t s  (bending and 
t w i s t i n g  - t h e  t w i s t i n g  a c t u a l l y  amounts t o  another  form of bend ing) .  The stress 
a n a l y s i s  i s  t h e r e f o r e  performed i n  two p a r t s ,  (A)  and (B). 

From a d e r i v a t i o n  s i m i l a r  t o  equat ion  (211, 

where h = d and d = diameter  of l e a d .  

And 

Where F = 1 . 0 4 8  ( 1 2 / 1 1 )  and 0 . 1  < ( 1 2 / 1 1 )  < 4 . 0  

Eu2L.B 

Given t h e  f i g u r e  shown, 
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and 

O =  angle of twist of PWA 
M = moment induced in lead 

6,n2 L E  I n2 E d  
(11 + 12) 8 (11 + 12) 

( 3 2 )  

NOTE: More information on this subject including axial lead components and methods 
to determine maximum RVSS input levels may be obtained by contacting the author. 
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N8 8 = 1 8 9 5 4  
Rocketdyne Automated Dynamics 

Data Analysis and Management System * 

Robert B. Tarn 

An automated dynamics data analysis and management sys- 
tem implemented on a DEC VAX minicomputer cluster is 
described. Multichannel acquisition, FFT analysis, and 
an online database have significantly improved the anal- 
ysis of wideband transducer responses from Space Shuttle 
Main Engine testing. Leakage error correction to recover 
sinusoid amplitudes and correct for frequency slewing is 
described. The phase errors caused by FM recorder/play- 
back head misalignment are automaticallly measured and 
used by analysis applications to correct the data. Data 
compression methods are described and compared. The sys- 
tem hardware is described. Applications using the data- 
base are introduced, including software for power spec- 
tral density, instantaneous time history, amplitude 
histogram, fatigue analysis, and rotordynamics expert 
system analysis. 

ADDAM SYSTEM DEVELOPMENT 

Historically, the analysis of wideband data from Space Shuttle Main Engine 
(SSME) hot-f ire tests has involved a time-consuming manual analysis of power 
spectral density (PSD) plots, isoplots, root mean square (RMS) time history 
plots, tracking filter plots, and the like. Manual annotation, comparison, 
and trend analysis to determine the dynamic characteristics of the hardware 
under test, assess engine health, and detect anomalous behavior required many 
hours. Wore detailed analysis of test responses, such as precise phase corre- 
lation, amplitude distribution analysis, and use of instantaneous time histor- 
ies, was of ten prohibitively time consuming; these special applications were 
usually reserved for major anomally or engine failure investigation. 

The requirements of SSNE hot-fire test data analysis have expanded since 
the early test program (1977-1978). Increased test frequency, test duration, 
number of transducers, and analysis bandwidth have imposed a combined 15-fold 
increase in processing demand. 
the data processing for a typical SSME test resulted in unacceptable delays in 
test turnaround. The possibility of overlooking early warnings of component 
failure increased due to the volume of data and limited resource of skilled 
personnel to evaluate it. A quantum jump in the systems and methods of wide 
band data processing and analysis was needed. 

The extensive tape handling needed to complete 

*Portions of the work reported herein were sponsored by NASA/Marshall Space 
Flight Center under Contract NAS8-27980. 
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Significant advancement has been made at Rocketdyne with the Automated 
Dynamics Data Analysis and Management (ADDAM) system. ADDAH is an integrated 
acquisition, digitization, mass storage, and analysis system implemented on a 
DEC VAX minicomputer cluster. Two multichannel acquisition subsystems, one 
16-channel and one 28-channel, can acquire and Fourier transform all data from 
a single FM tape at wideband data rates up to 256,000 samples per second. All 
analyses needed to evaluate the behavior of the engine and to diagnose the 
engine health can be drawn from the digitized data, thus avoiding the multiple 
handling of the FH tapes. Figure 1 illustrates the simplified processing scheme 

28 CHANNEL 
FM TAPE 

ADDAM 

n 
DRIVE 

U 

I -  F 
DOMAIN 

EXPERT 
SYSTEM 

FOR DATA 
NTERPRETATIO 

PSD 

ISOPLOT 

RMS 

14/28 CHANNELS AT A TIME MULTI-BAND ANALYSIS FROM 
800/1600 SECONDS MAXIMUM 

0 AUTOMATED TAPE CONTROL 
0 AUTOMATED SETUP AND CALIBRATION 

SINGLE ACQUISITION 
DIGITAL STORAGE OF RESULTS 
PREVIOUS TEST DATA IN DISK 
LIBRARY FOR IMMEDIATE RECALL 

Fig. 1. Multiple Analyses from Single FH Tape Playback 

for a typical SSHE test. The typical 
data processing times before, dur- 
ing, and after phase-in of the ADDAM 
system, since it went online in 
November 1985, are shown in Fig. 2. 
This system is now being used to 
reduce all wideband measurements for 
entire test durations at a sampling 
rate of over 10 kHz in real time, an 
aggregate of over 2 gigabytes (GB) 
of data for a typical 520-second 
test. The data storage requirement 
has been met using state--of-the-art 
optical disk media. From this raw 
data base, all standard analyses are 
drawn, and automation of the manual 
analysis is underway. 

TIME TO COMPLETE ONE TEST ANALYSIS 

48 
cn 
9 42 ' 36 

30 F 
24 z cn 

cn 18 W 
0 

12 
P 

6 

0 

2 

Fig. 

TRADITIONAL 0 PROCESSING 

ADDAM 
PROCESSING 

ADDAM 3/07 9 /87  

?. Reduced Data Processing 
Using ADDAH 
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DIGITIZATION CAPABILITIES 

To provide a comprehensive and quality database needed for diverse analy- 
tical disciplines, the, ADDAN system made a number of technical advances. The 
following describes a few of these. 

High Analysis Bandwidth 

Many real-time data analysis systems rely on the use of a guard band to 
minimize alias error. The relatively low rolloff rates of the anti-alias fil- 
ters of many systems require such caution. The filters employed on the ADDAU 
system have such sharp rolloff (130 db/octave) that the transition region can 
be neglected in most cases. As a result, the data of the ADDAH system are often 
alias free up to the Nyquist frequency. While alias error can occur for a small 
transition band, the offsetting benefit is increased analysis bandwidth. 

Leakage Error Correction 

Rectangular windowing is used to permit inverse transformation of the 
database FFT records. Windowing which ensures that the data sequence is zero 
at the ends of the sample frame prevents recovery when the FFT is inverse 
transformed. Leakage occurs when the frequency of a sinusoid does not fall 
exactly on a multiple of the analysis bandwidth, and is often described as a 
loss of energy from a primary spectral band into adjacent bands. However, 
another effect of leakage error is a slewing of the estimate of the frequency, 
since the FFT analysis can only resolve to within the analysis bandwidth. 

Leakage error in the power spectral density is reduced by ADDAM routines 
using side band integration to estimate the total magnitude of sinusoids, and 
an amplitude weighted centroid method to more precisely determine their 
frequencies (Fig. 3 ) :  

2 2 2 
i-1 i i+l + ai+2 2 + a  + a  a C = J a  i-2 2 + a  

fc = f. + Af*(a - a )/(a + a + a ) (2 )  
1 i+l i-1 i+l i i-1 

Table 1 demonstrates the relative error between a leakage-free analysis, 
a typical case for a sinewave not aligned on an analysis band, and the, result 
of ADDAU leakage error correction. Application of this technique has resulted 
in elimination of the "chatter" in tracking filter analysis when the actual 
frequency is between analysis bands. 

Phase Correction 

Variation in the alignment of the FM tape recorder and playback heads 
yr-otliic:c?s large phase errors due to time delays between channels on the FM tape 
(Fig. 4). These errors hove been found to be as large as 120 degrees at 200 
Hz. An algorithm was developed [l] to routinely determine these phase errors 
using analysis of a high-frequency, squarewave calibration signal sumultan- 
eously recorded on all channels of a tape. The multiple superharmonics of the 
squarewave provide the means to determine the channel-to-channel phase errors. 
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AMPLITUDE ERROR FREQUENCY 
SLEW +I 14- 1 

I ,  Q -  aC 

T \ 
1 

FREQUENCY 

F i g .  3 .  Leakage Error Correction 

Table 1.  Leakage Error Correction Data 

LEAKAGE 
LEAKAGE LEAKAGE CORRECTION 

AMPLITUDE 0.858 (14%) 0.973 (3%) 

FREQUENCY, Hz 100. 99.7 99.8 

]ODD  HEADS^ IEVEN  HEADS^ 10.045 

I / i @ 1 3  I 
0 11 I I 

TAPE 
~ 

MO 

IN. 

FLEX I Ill I 
------ I I \ BASE PLATE _- 

1 

/- L 0 . 6  IN. €+ 4 

Fig .  4 .  FH TapeIHead Geometry 

154 



The transfer function phase (Fig. 5) at the fundamental and superharmonics 
of the squarewave is used to obtain an estimate of the phase slope (deg/Hz) of 
each transfer function. The transfer functions are scanned for points of high 
coherence using the transfer function phase confidence interval (Fig. 6 )  de- 
fined as 121: 

-100 

A 2 1/2 A$ij = arc sin[2/(n-2) * F 2, n-2 ;/? * (1-Y ij 11 

- 
I I I I I I I I  I l l  I l l l l l l l l l l l  I I I  I l l  

where 

n = sampling degrees of freedom 

P = desired statistical level of confidence 

= loop percentage point of an F-distribution for degrees of 
F2'n-2;p freedom 2 and n-2 

= square of the coherence between the ith and jth channels * 2  
'i j 

t 

( 3 )  

M 1. 

Fig. 5 .  Phase CaLibration Signal Transfer Function Phase 

The phase data that pass a tolerance test on A$ (e.g., 2 degrees) are 
unwrapped into approximate colinearity and linear regression is then used to 
determine the phase slope,a, for each transfer function. The transfer function 
phase can be assumed to have a zero intercept, therefore the linear regression 
equation becomes 

2 a = Zfi $i/Cfi , i=l,m 

where 

(4) 

m = number of transfer function points used in the linear regression 
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Fig. 6. Transfer Function Phase Confidence Interval 

The standard error of regression can be computed using 

cT= UZbi2 - cyZfi 6, + cy 2 Cfi 2 )/(IR-l)I 1/2 
( 5 )  

The phase slope estimates are then improved using the method of least 
squares to fit them to the model of the tapehead geometry (Fig. 4 )  given by 

aij(O1, 0 2 ,  E )  = [i * MOD(i,2) - j * MOD(j,2)] * 8 1 

+ [MOD(i-1,2) - MOD(j-1,2)1 * E 
where 

= phase slope of channel i relative to channel j cyij 

Although many combinations of transfer functions may be used in the 
least-square fit, the best results are obtained by using only the extreme 
upper and lower channels on the heads. This phase correction method has been 
tested using data generated with known phase errors, demonstrating that the 
phase errors are determined to within 0.3 degree at 200 Hz. 

The kth element of an FFT vector, Rk, can be corrected to eliminate 
phase error by complex rotation to R i  using 

= (1-k) * Cy ( 7 )  'k 
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Time history data can be corrected by offsetting the temporal arrays according 
to the time delay given by 

MANTISSA MAXIMUM 
BITTS ERROR, Yo 

I 

where 

DY NAMlC 
RANGE, dB 

Af = analysis bandwidth 

0.000012 

0.78 

0.098 

1.5 

Data Storage Reduction 

1500 

1500 

190 

190 

Data compression methods have been developed and tested. These consist 
of 16-bit and 12-bit floating point formats and a 16-bit normalized integer 
format that limit real number precision and dynamic range but substantially 
reduce storage requirements. 

32 

16 

16-1 

12 

The alternative floating point formats developed for the ADDAM system 
employ various allotments of bits between the mantissa and the characteristic 
to achieve reduced storage. Table 2 shows the construction of four floating 
point formats that have been tested. Type 32 is the VAX 32-bit format 
(uncompressed). Since floating point numbers can be normalized such that the 
most significant mantissa bit is set (binary fraction is always greater than 
or equal to 0.51,  this bit is implied in all of these formats. 

8 

8 

5 

5 

Table 2. Compressed Floating Point Formats 

FORMAT CHARACTERISTIC 1 TYPE I BITS 

23 

7 

10 

6 

~~ 

As shown in Table 2, the dynamic range and precision of the resulting 
compressed number is adequate for most anaiysis purposes. Type 16-1, with a 
maximum truncation error of less than 0.196, is a good combination of reduced 
storage, adequate dynamic range, and acceptable precision. 

For the 16-bit normalized integer format, each component of a block of 
data is normalized by the block maximum (block scale), then multiplied by 
32,767 and converted to integer type. Normalized integer formats are much 
faster to compress and uncompress, but the relative precision results are very 
different than with the floating point fonnats. 

The normalized integer format precision is determined by the block scale 
and the number of "counts" in a signed 16-bit integer (32,767). The amount of 
relative error varies with the magnitude of the number; near the full-scale 
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value, the relative error is only 0.003 percent, but for data at 2 percent of 
full scale the truncation error is 0.15 percent. Dynamic range, however, is 
not limited since the block scale determines the dynamic range and is stored 
in full 32-bit floating point format. 

HARDWARE DESCRIPTION 

A cluster of VAX 11/750 and HicroVAX computers has been created to 
facilitate control of the simultaneous digitization, database maintenance, 
analysis, and data transmission tasks required by the integrated ADDAM system 
(Fig. 7 ) .  Functional redundancy of all critical processes is also provided, 
including CPUs, disk drive capacity, drive controllers, and high-rate data 
acquisition subsystems. 

Automated analysis of test data requires a high efficiency of the front- 
end process that digitizes signals reproduced from FH tapes, transforms the 
digitized time histories into Fourier coefficients, and stores the data for 
use in analysis tasks. The system is flexible with regard to the data acqui- 
sition specifications (AC/DC coupling, anti-alias filter frequency, sampling 
rate, FFT block size, and acquisition start/stop times), and the system com- 
pletely controls these parameters along with the FH tape operation via digital 
interface with the host computer. 

The anti-alias filter settings are selectable from 10 to 100,000 Hz., and 
filter rolloff is 130 db/octave. Sampling rates for each channel are selectable 
from 20 to 500,000 Hz.. Bipolar analog-to-digital converter precision of 15 
bits and fixed input sensitivity of 5 volts provides high resolution and 
overrange free data. FFT processors transform digitized time history points 
into Fourier coefficients, with a minimum block size of 128 points and maximum 
block size of 16,384. The FFT processor speed is 0.007 second for a 4096-point 
block. 

The acquisition subsystems include sufficient mass storage to allow them 
to operate independently of the VAX 110 processors during data acquisition, and 
are capable of storing digitized time histories for up to 800 seconds of data 
from 28 channels at a sampling rate of 20,480 Hz. (0.9 gigabytes). Real-time 
acquisition and FFT transformation are typically performed with a sampling rate 
of 10,240 Hz and block size of 4096 samples. At higher sampling rates or larger 
block sizes, the system digitizes the data in real time, and post-processes to 
perform the FFT calculations. 

The acquisition subsystems are also functional as general purpose array 
processors to perform a wide variety of mathematical functions using data 
downloaded from the host computers, including inverse FFT transformation, thus 
greatly increasing the speed and analytical capability of the system. 

To interface with the data systems at the Marshall Space Flight Center, 
the ADDAH system will include communications hardware to transmit over the 
NASA Program Support Communications Network (PSCN). This link will eliminate 
the delay of FH tape transmittal between the various test and analysis centers 
(Fig. 8). thus greatly decreasing the test turnaround time. 
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Fig. 8.  PSCN Communication Network 

QUICKLOOK - ADDAM DATABASE “WORKHORSE” 

The standard analyses needed for quick test turnaround are provided by 
the ADDAM QUICKLOOK program. PSD, RMS time history, isoplot (waterfall plot), 
amplitude histogram, and instantaneous time history analyses are all available 
through this program in batch mode or interactively. Examples of these analyses 
are shown in Fig. 9 and 10. 
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Fig. 9. QUICKLOOK Isoplot Analysis 
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Fig. 10. QUICKLOOK Instantaneous Time-History Analysis 
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REQUESTING 
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A 

Automation of the system is progressing toward that illustrated in Fig. 
11. Batch processing may be requested using an interactive program called 
REQUEST. The REQUEST program organizes all of the data requirements and en- 
vokes the data acquisition and analysis systems to perform the necessary func- 
tions. If data are needed, the ADDAM system issues an operator request to 
mount the appropriate FH tape. For requests that can be satisfied using data 
previously digitized and stored, the appropriate archive disk is mounted and 
the analysis proceeds. Once verified by the expert system and reviewed by an 
ADDAM database manager, results are delivered back to the requestor. 

ADDAM 
SYSTEM 

Fig. 11. Data Request Automation 

TECHNICIANS 
TERMINAL 

For selected measurements, responses are being statisticized over many 
tests. The principal independent parameters governing the dynamic responses 
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have been identified as engine power level, oxidizer and fuel tank pressures, 
hardware configuration, and preburner mixture ratio. Sample records are cur- 
rently grouped according to power level for ensemble analysis. The maximum, 
minimum, mean, and standard deviation of a transducer's ensemble responses are 
being databased, and will be used in automated data verification and anomally 
detection routines. Ensemble maximum (envelope) and mean responses are over- 
layed with PSDs computed over records of comparable independent parameter con- 
ditions (Fig. 12). 
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Fig. 12. Envelope Overlay with QUICKLOOK PSD Analysis 

INTEGRATED DATA ANALYSIS APPLICATIONS 

The ADDAH system has contributed toward significant enhancement of the 
analytical capabilities of structural and dynamic analysis disciplines at 
Rocketdyne by providing a reliable source of comprehensive test data. The 
following are a sampling of analysis applications developed on and made part 
of the system. 

Fatigue Analysis 

Rocketdyne's RIDLE and FDAS fatigue life evaluation codes perform analy- 
sis in the frequency and time domain, respectively. Using these codes on the 
ADDAM system, component life can be more realistically and accurately pre- 
dicted. Fatigue damage analysis, for instance, is now computed using actual 
time-history responses for entire test durations. This improvement has re- 
sulted in life extention for many critical SSHE components. Distribution 
fitting (Fig. 13) is increasing the accuracy of frequency domain methods. 
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Fig. 13. Probability Density Function and Curve Fit 

High-G Impeller Analysis 

Hotfire testing of the SSME high pressure oxidizer turbopump (HPOTP) has 
identified impellers with high synchronous dynamic loads. Using the ADDAH 
system, analysis is underway to identify the cause of these high dynamic loads. 
Precise phase correction (22 degrees of shaft rotation) is needed to compute 
bearing load magnitude and phase angle time history from strain gages located 
on the bearing support structure. 

Rotordynamic Expert System 

Definition of principal independent variables for the SSWE dynamic envi- 
ronment and correlation analysis using multifunctional regression has been 
used to define the relationships between these independent variables and the 
engine dynamic environments. A team of experts reviews data from the ADDAM 
system and identifies "expected events" (indicating the nominal operation of 
the turbopumps) , and "unexpected events" (indicating data of unknown origin, 
or anomalies). Hypotheses of the source of anomalies are made and tested by 
various methods. For example, correlation with the statis- ticized ensemble 
responses, previous test and trends, component test data, computer simulations, 
and expert experience are used to test the expert system hypotheses. 

A prototype expert system (ADDAMX), developed using a rule induction 
expert system tool called EX-TRAN 7 ,  analyzes rotordynamic data from the low 
and high pressure fuel and oxidizer turbopumps on the SSME. It is capable of 
identifying the synchronous vibrations of the rotating machinery, the feed 
throughs from one turbopump to another, and some critical bearing frequencies. 
Figure 14 illustrates a PSD analysis processed by the ADDAMX expert system. 
The plot notation includes frequency, PSD level, and source identification for 
the sinusoidal components of the signal. The final product is a report on the 
operation of the turbopumps. 
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CONCLUSION 

The ADDAM system has significantly advanced the art of data analysis at 
Rocketdyne. Since going online in November 1985, the system has dramatically 
reduced test turnaround time. The database is now comprised of data for the 
most recent 100 tests, with an aggregate duration of 43,265 seconds. There 
are 5856 individual measurements, requiring over 55 gigabytes of mass storage, 
distributed on the system's online magnetic media and archive optical disk 
media. For any of these data, the expected retrieval time is only a few 
minutes. 

The system's digitization and analysis capability has improved the quality 
of the data by providing high analysis bandwidth, leakage error correction, and 
phase error correction. Data storage reduction methods have increased the sys- 
tem storage capacity. 

The cluster of VAX computers and peripheral equipment provides an analy- 
tical muscle that is supporting improvements in analytical tools used in 
diverse engineering disciplines. The future development of the expert systems 
integrated with the database will affect improvements in quality and efficiency 
at Rocketdyne for years to come. 
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ABSTRACT 

wheel vibration 
on the carrier 
mechanical Volt 

was found to induce out-of-specification 
frequencies of. some spacecraft components 
ge Control Oscillators (~~0s). Concurrent 

investigations were performed to redesign the VCOs to reduce their 
response to the wheel vibration, and to design a reaction wheel isolation 
system to reduce the vibration input to the affected components. 
Component level tests have indicated that both efforts produced viable 
solutions. The redesigned VCO will be incorporated into future spacecraft 
of the series, while affected spacecraft already in production will 
be retrofitted with the reaction wheel isolation system. 

167 



INTRODUCTION 

This paper describes redesign efforts made to resolve a problem with a 
vibration sensitive Voltage Control Oscillator (VCO) assembly on the Defense 
Satellite Communications System I11 (DSCS 111) Spacecraft. The mission of the 
DSCS I11 Satellite is to provide an enhanced military communications capability 
through the 1980s and 1990s. At anytime, four DSCS I11 satellites, each with a 
ten year mission life, operate in geosynchronous orbit to provide worldwide 
protected services to ground, sea, and airborne forces. 

The DSCS I11 satellite is designed to be placed into a low inclination 
geosynchronous orbit on either the Titan 34D/IUS, Titan 34D/Transtage or 
Shuttle/IUS launch systems. The satellite can be configured for a dual launch 
with either a DSCS I11 satellite or another DSCS I11 in a tandem launch mode, as 
shown in Figure 1. Also shown in this figure is the satellite in its orbital 
configuration. On orbit stabilization is about all three axes with four Attitude 
Control System reaction wheels. 

The DSCS spacecraft has several components which contain microphonic VCOs. 
During the production cycle of the program, it was found that in some vehicles the 
VCOs in two components on the North Equipment Panel may be sensitive to the 
vibration induced by the reaction wheels. Out of specification sidebands were 
noted on the carrier of affected components at multiples of the 400 Hz pulse which 
runs the wheels. Sidebands were greatest and out of specification at 1600 Hz. 
Significant sidebands were also noted at 3200 Hz. 

The problem was to redesign the spacecraft to reduce the amplitude of 
sidebands caused by reaction wheel excitation with minimal impact on the cost and 
the production schedule. A two pronged approach was used for the solution. 
Structural changes were sought to reduce sensitivity to the 1600 Hz and 3200 Hz 
excitation by VCO component evaluations. Simultaneously, investigation was begun 
to reduce the excitation through reaction wheel isolation. This paper discusses 
the two solution approaches, results of the investigations and recommended 
solutions along with test results. The next section discusses VCO component 
evaluations and is followed by a section on the design for vibration isolation. 

VCO COMPONENT EVALUATION 

The VCO assembly is shown in Figure 2. The outer box consists of machined 
aluminum sides and a separator wall running through the middle of the box. The 
box has an aluminum top cover attached by means of five screws. The figure shows 
the box with the top cover partially removed to reveal details. The resonator rod 
is located in the lower right cavity. It is a hollow rod supported on two 
L-shaped rexolite brackets. The left bracket is glued to the bottom of the box 
whereas the middle bracket is attached to the outer side with two screws. The 
right end of the rod is screwed to the outer wall. The left end of the rod is 
attached to a strap spring. A probe extends from the middle wall in between the 
two brackets. 
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BRACKETS 
Figure 2. VCO Assembly (Top View) 

ROD 

The component evaluation was performed in three phases. In Phase I, dynamic 
analysis was performed on the VCO assembly and components to determine vibrational 
characteristics and recommend any solutions. The Phase I1 consisted of performing 
impedance hammer tap tests on the component hardware to validate the analytical 
model. Shaker tests of the component were conducted in Phase I11 of the 
evaluation process. This involved verification of analytical predictions and 
recommended design changes. 

Dynamic Analysis of VCO Components 

A detailed NASTRAN finite element model of the VCO assembly was made with the 
SUPERTAB/IDEAS system. The analysis was performed on the IBM 3090 system with the 
MSC/NASTRAN finite element program. The model is shown in Figure 3. Spec'ial care 
was taken to model the resonator rod stiffness and inertia distribution and its 
attachment to the VCO outer box. Rexolite brackets were modelled in detail to 
provide for variable fixity, to and offsets from the box center lines. The model 
consisted of 254 structural elements, 153 nodes and 175 dynamic degrees-of- 
freedom. A number of simpler component models were analyzed to trace the source 
of the 1600 Hz amplification. These included the probe model, the strap spring 
model, plate models to represent VCO outer box sides, and the resonator rod on its 
bracket model extracted from the overall assembly model. Of these component 
models, only the resonator rod model provided a clue to the sideband problem. It 
revealed that the rod resonant frequencies are very sensitive to the bracket 
fixity. The natural frequency varied from 1458 Hz to 2291 Hz for the first 
bending mode in the lateral plane and from 2036 Hz to 3289 Hz for the first 
bending mode in the vertical plane depending on the bracket attachment 
conditions. The rexolite brackets themselves, as originally designed, appeared to 
be very flexible. 

The eigenvalue analysis performed on the VCO assembly showed that there are no 
natural frequencies below 1500 Hz. The first two modes calculated are shown in 
Figures 4 and 5, where the dotted lines represent the deflected shape superimposed 
on the undeformed configuration shown by the solid lines. The natural frequencies 
were found to be 1949 Hz and 2618 Hz for the two beam bending modes. This 
analysis was based on the assumption that the left bracket is glued 
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Figure 1. DSCS I11 Spacecraft Configurations 
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I I I  
SIDE VIEW 

Figure 3. VCO Assembly Finite Element Model 

TOP VIEW 

Figure 4. VCO First Mode (Beam-Lateral at 1949 Hz) 

END VIEW 

SIDE VIEW 

Figure 5. VCO Second Mode (Beam - Vertical at 2618 Hz) 
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to the bottom of the box. Inspection of the VCO hardware that had shown the 
sideband problem revealed that the bracket fixity was less than the perfectly 
glued condition. This fact coupled with the results of rod model analysis led to 
a redesign of the brackets shown in Figure 6. The reanalysis on the new 
configuration confirmed that the resonator rod modes in the frequency range of 
1600 Hz and 3200 Hz have been eliminated. Figures 7 and 8 show the two lowest 
frequency modes for the redesigned configuration. These represent overall box 
modes which are not expected to cause any sideband problem. 

- :I 0; 

P3 BRACKET -- 
ROD ON BRACKETS 
FINITE ELEMENT MODEL 

RESONATOR ROD 

2.895 -- - - 

TOP VIEW 

Figure 6. Redesigned VCO with New Brackets 
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SIDE VIEW 

Figure 7. First Mode at 2606 Hz of Redesigned VCO 
, , , , , , , , ,. " , , ~,..=~---.-~~~~~~-.~-~~~-::-~.~ 

Figure 8. Second Mode at 3039 Hz of Redesigned VCO 

VCO Tap Test Results and Correlation with Analysis 

A series of tap tests were conducted on an engineering model unit of the VCO 
assembly to determine natural frequencies and to validate the analytical model. 
Two accelerometers were used on the resonator rod. Initial tests were conducted 
with the cover-off conditions to facilitate the accelerometer relocation and for 
ease of measurements. The analytical. model was modified to match the test 
conditions and the accelerometer weights were included. The VCO assembly was 
suspended by means of three cords attached at screw mount locations to simulate 
free-free boundary conditions. The results of the tap tests are summarized in 
Table 1. Corresponding analytical results are shown in Table 2. Tests conducted 
with the cover-off conditions consistently showed natural frequencies at around 
850 Hz and 1450 Hz which correspond well with the analytical results. Tests with 
the cover-on condition have measurement related problems and no conclusive data 
was recorded. However, good correlation with the analytical results for the first 
series of tap tests was deemed sufficient to validate the analytical model. 
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Table 1. Summary of Tap Test Results 

Run 
# 

1 

2 

3 

4 

5 

Top Cover 
On/Of f 

Off 

Off 

Off 

On 

On 

Accelerometer 
Locat ions 

A and B 

A and B 

A'and C 

A and B 

A'and B 

BRACKETS 

Tap 
Location 

rod 

outside 

outside 

outside 

outside 

Natural 
Frequency (Hz 

fl = 850 
f2 = 1475 
f3 = 2300 

fl = 850 
f2 = 1450 
f3 = 2300 

fl = 840 
f2 = 1410 
f3 = 2200 

fl = 2650 
f2 = 2850 
f3 = N/A 

fl = 1950 
f2 = 2500 
f3 = 3000 

ROD 
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Run 
d 

1 

2 

3 

4 

Top Cover 
On/Of f 

Off 

On 

On 

On 

- 

Table 2. Sumary of Analytical Results 

Bracket 
Design 

Original 

Original 

Original 

New with 
Complete 
Bulkhead 

Bracket 
Flexibility 

Screws/ 
Screws 

Screws / 
Screws 

Glue/ 
Screws 

Glue/ 
Screws 

Natural 
Frequency 

(Hz 1 

fl = 866 
f2 = 1422 
f3 = 1760 

fl = 1412 
f2 = 1964 
f3 = 2852 

fl = 1950 
f2 = 2618 
f3 = 2946 

fl = 2606 
f2 = 3039 
f3 = 3470  

Mode Shape 
Des c r ip t ion 

Box Twisting 
Beam Lateral 
Box Side 

Beam Lateral 
Beam Vertical 
Probe Bending 

Beam Lateral 
Beam Vertical 
Probe Bending 

Box/Probe 
Box Twisting 
Box Bending 

VCO Shaker Test Results and Analysis Verification 

The VCO assembly was subjected to low level sine vibration tests to measure 
the sideband response. Tests were first performed with the original rexolite 
bracket configuration and then repeated with the resonator rod supported on the 
recommended brackets. Figures 9, 10 and 11 show the sideband amplitude to the 
carrier in the three axes as a function of frequency. The responses show 
significant reduction in sidebands when the recommended design change was 
implemented for the resonator rod support brackets. For example, in the Y-axis 
there was a 32 dB reduction at 1600 Hz and a 30 dB reduction at 3200 Hz. 
Similarly, reductions of 16 dB at 1600 Hz and 24 dB at 3200 Hz were measured in 
the Z-axis. Accounting f o r  the variation in the fixity conditions between the 
analysis and the implemented hardware, this test provided a valuable verification 
of the analytical predictions and confirmed the validity of the recommended 
configuration. 

ISOLATION EVALUATIONS 

Tests were performed on a flight vehicle to determine which of the four 
reaction wheels were contributing significantly to the sideband response of the 
affected components. Each wheel was run separately and all four simultaneously 
while the sidebands were measured. One of the four wheels was found to be the 
major contributor. Exchanging this wheel with another determined that the wheel 
itself did not produce excessive vibration. Any wheel in this location would 
transmit enough excitation to the VCO to produce the out of specification 
sidebands. An isolation system was therefore designed to reduce the transmittance 
from this location at frequencies which could simulate a vibration response of the 
VCO resonator rod. 
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Figure 11. Component Vibration Response (Sideband to Carrier Ratio) 

Isolation System Design 

Isolation concepts were evaluated based on used of four isolators supporting a 
wheel to provide six degrees of freedom wheel isolation. Due to space 
limitations, no suitable commercial isolator could be found which could be put on 
the reaction wheel without some vehicle modification. It was therefore decided to 
design a damped stainless steel spring isolator which would fit into tbe available 
space, picking up existing bolt holes and requiring no modification to either the 
mounting surface or the reaction wheel harnessing. To use a commercial silicone 
isolator, it was determined to be necessary to invert the wheel, to change its 
direction of rotation, to reroute harness, and to use an interface adaptor plate. 
The steel spring mounts were preferred since they would cause a smaller impact to 
the interface and be lighter weight. Use of the silicone mounts which have an 
elastometer load path also required investigation to ensure adequate material 
properties for the space environment. 

The preliminary requirement from spacecraft control system considerations was 
for an isolator frequency of approximately 100 Hz so as to provide no appreciable 
magnification below 1 Hz. The final design of a steel spring isolator meeting 
this requirement is shown in Figure 12. The flexible portion of the spring is 
.OS5 inch thick stainless, .5 inches wide. The fatigue requirement of design for 
four lifetimes is also met by this design. The damping treatment inside the 
spring was .25 inch thick GE SHRD 100F90B with a .030 inch thick stainless steel 
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Figure 12. Isolation Mount Assembly Detail 

constraining layer, providing a loss factor of approximately .3 ( 5 = .15). This 
high damping will minimize dynamic loads at the isolator resonance while still 
providing good high frequency isolation. A base shake test performed on these 
isolators with an Engineering Model reaction wheel showed their fundamental 
frequencies to be 120 Hz laterally and 130 Hz axially with a measured Q of 
approximately 3 in both directions. 

The chosen commercial silicone mounts have two attachment holes each. To 
avoid modification of the honeycomb structure to which the reaction wheels attach, 
a milled aluminum adaptor ring (Figure 13) was designed to provide an interface 
which would pick up the four existing mounting holes. A base shake test on these 
mounts showed the fundamental frequencies to be 105 Hz and 115 Hz in the lateral 
and axial directions respectively. Damping at resonance was adequate providing a 
Q of about 7. 

Test Results 

Both the steel spring isolators and the commercial mounts were tested mounted 
to a simple plate fixture which was readily available (Figure 14). With an 
Engineering Model Reaction Wheel providing the excitation, vibration was measured 
on the fixture and on the wheel mounting flange. These tests showed that the 
steel spring isolators did not work well on excitation normal to the plate at both 
1600 Hz and 3200 Hz. Isolation was very good in the lateral directions. The 
silicone isolators were found to work well on 3200 Hz vibration in all three 
directions, but they did not provide good isolation of the 1600 Hz excitation. 
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NOTE: TO SCALE 

Figure 13.  Silicone Isolators and Adaptor Ring 

ACCELEROMETER 
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ISOLATORS 

Figure 14. Reaction Wheel in Attitude Control Engineering Fixture 

Since neither set of mounts was shown to be clearly superior to the other, and 
the extent to which the mounting structure of the spacecraft would change the 
results was unknown, further tests were performed on a prime spacecraft 
structure. A prime centerbody structure, without North or South panels attached, 
was made available for the further evaluations. Figure 15 shows this centerbody 
structure. To reduce the possibility of damage to this structure when the North 
and South equipment panels are not attached, honeycomb panels are attached in 
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Figure 15. DSCS I11 Spacecraft Major Assemblies 
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I their place to add stiffness to the structure and were in place during these 

I to the components with sidebands. The three other wheel locations were also 

tests. Four tests were run on the centerbody with an engineering reaction wheel 
providing the excitation in the location which showed the highest transmissibility 

filled with engineering wheels to have their weight in place, but these other 
wheels were not run. The response was measured on a bulkhead adjacent to the 
mounting bolt for the running wheel. This was done for the running reaction wheel 
hard mounted to the spacecraft and for this wheel mounted through three sets of 
isolators: the steep spring mounts, the previously tested commercial silicone 
mounts, and a set of softer silicone mounts as it was determined from the control 
system analysis that these isolators, at about a 55 Hz frequency would be 
acceptable. 

A sample from these tests is shown in Figure 16 which shows Z axis 
accelerometer response due to reaction wheel excitation for all four mounting 
conditions. Figure 17 summarizes the results of these tests in a bar graph for 
all three axes. The steel isolators are seen to have worked as well as the 
silicon mounts in two axes (X and Z) at 1600 Hz. For the Y axis the silicone 
mounts were clearly superior. Rather than spend additional time in cut and try to 
improve the Y axis performance of the steel mounts it was decided to proceed using 
the soft silicone isolators. 

The silicon mounts were tested on a shaker to qualification levels in random 
vibration and inspected for damage. They passed the qualification test and 
questions as to their suitability for use in space were resolved satisfactorily. 

CONCLUSIONS 

The resonator rod supported on the existing brackets was found to be a 
potential cause for the sideband problem observed on some of the spacecraft 
assemblies. The two pronged approach of modifying the VCO rod to reduce its 
response to wheel excitation and isolation of the reaction wheel to reduced the 
level of the disturbance proved to be very successful. 

The beam resonant frequencies were found to be very sensitive to the bracket 
stiffness and fixity. A timely solution was recommended with a revised bracket 
design to eliminate the resonance problem from mechanical vibration. 

The reaction wheel isolation design was found to be practical from both 
structural dynamic and control system analyses. Retrofit of this design change 
onto already built spacecraft with out-of-specification sidebands has been 
planned. The implementation will be via an adaptor plate between the isolators 
and the spacecraft so that no rework will be required on the spacecraft except for 
a harness modification. 

Both solutions must still be tested on a fully assembled spacecraft (the real 
North and South panels may change the degree of isolation) and measurements must 
be performed on the affected components to determine the extent to which the 
sidebands have been reduced. Sideband reduction on a fully assembled spacecraft 
will be the true indication of the success of this investigation. 
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N 8 8 - 1 8 9 5 6  
A Superelement Component Dynamic Synthesis Method 

M. L. Soni 

A method i s  presented f o r  coupling a broad class of canponent 
dynamic models i n  the  manner of direct  s t i f f n e s s  assanbly and 
i s  implanented i n  a general  matrix manipulation program. 

INTRODUCTION 

A number of methods have been developed i n  t h e  past t o  accomplish t h e  basic 

Hurty [2,3] proposed that the connect degrees of 

ob jec t ives  of the method. 
these methods are charac te r ized  by t h e  way the  component dynamics i s  input  and 
coupled t o  ad jacent  canponents. 
freedom (DOF) of a component were f i x e d  or  had a zero  displacement. He then  
pa r t i t i oned  the  modes of the s t r u c t u r e  i n t o  r i g i d  body modes, c o n s t r a i n t  modes, and 
normal modes. 
i n t e r f a c e  method by d iv id ing  canponent modes i n t o  only  two groups: c o n s t r a i n t  modes 
and normal modes. Bamford [SI added attachment modes t o  improve t h e  convergence of 
the  method. 

These methods are surveyed i n  detai l  i n  El] .  Each of 

Cra ig  and Bampton [41 proposed a s i m p l i f i c a t i o n  of Hur ty ' s  f i x e d  

Goldman [SI developed the free i n t e r f a c e  method, employing only r i g i d  body 
modes and free-free normal modes i n  canponent dynamic representa t ion .  
technique e l imina te s  the computation of s ta t ic  cons t r a in t  modes, but  their  advantage 
is negated by the poor accuracy of the method. 
Goldman's f r e e - i n t e r f a c e  method i n  which no d i s t i n c t i o n  i s  made between r i g i d  body 
modes and free-free normal modes. 
combining free i n t e r f a c e  and f i x e d  i n t e r f a c e  methods t o  reduce the order  of t he  
s t i f f n e s s  and mass matrices f o r  ind iv idua l  subs t ruc tures .  The reduct ion procedure 
requi res  the knowledge of topological arrangement and dynamics of a l l  the ccmponents 
i n  t he  model. 
introduced i n e r t i a  and s t i f f n e s s  loading  of canponent i n t e r f aces .  The use of loaded 
i n t e r f a c e  modes is shown t o  have supe r io r  convergence characterisics. 

This  

Hou [71 presented a v a r i a t i o n  of 

Gladwell C81 developed lfbranch mode ana lys i s"  by 

I n  order t o  account fo r  ad jacent  canponents Benfield and Hruda C91 

MacNeal [ lo]  introduced the use of hybrid modes and i n e r t i a  relief modes f o r  

I n e r t i a  relief attachment 
canponent mode synthes is .  
a combination of f i x e d  and free boundary condi t ions .  
modes are attachment modes f o r  canponents with r i g i d  body freedans. 
included r e s idua l  i n e r t i a  and f l e x i b i l i t y  t o  approximate the s t a t i c  con t r ibu t ion  of 
t h e  t runca ted  higher order modes of a canponent. 
f l e x i b i l i t y  approach f o r  free i n t e r f a c e  method by introducing higher order  
co r rec t ions  t o  account f o r  t he  t runca ted  modes. 
developed the combined experimental and a n a l y t i c a l  method introduced by MacNeal. 
Hintz [131 discussed the  impl ica t ions  of t runca t ing  var ious mode sets and developed 
guide l ines  f o r  r e t a i n i n g  accuracy wi th  a reduced s i z e  model. 

Hybrid modes are subs t ruc tu re  normal modes canputed with 

MacNeal also 

Rubin [ l l ]  extended the  r e s idua l  

Klosterman [121 more f u l l y  

PRECEDING PAGE BLANK NOT FILMED 
187 



I Recent research has centered on the canparis ion of the var ious methods. Baker 
C141, f o r  example, compares the constrained and free-free approach using 
experimental techniques and a l s o  i n v e s t i g a t e s  using mass a d d i t i v e  techniques and 
measured r o t a t i o n a l  DOF C151. 
the  best method f o r  r i g i d l y  connected f l e x i b l e  s t r u c t u r e s .  
constrained method produced the best result. 
f ree  method t o  be accura t e  f o r  r e l a t i v e l y  s t i f f  structures connected wi th  f l e x i b l e  
elements. 
least  as accurate when r e s idua l  effects are accounted f o r .  These conclusions are 
i n t u i t i v e  because t h e  type of boundary condi t ion  imposed i n  the a n a l y s i s  that best 
represents  the boundary of the assembled s t r u c t u r e  provides the bes t  accuracy i n  the  
modal synthes is .  

broadening the  d e f i n i t i o n  of t h e  admissible func t ions  proposed by Hurty [ l  1. 
technique i s  app l i cab le  t o  both continuous and discrete s t r u c t u r a l  models. 
geane t r i c  c a n p a t i b i l i t y  condi t ions a t  connection i n t e r f a c e s  are approximately 
enforced by t h e  method of weighted r e s idua l s .  

This  i nves t iga t ion  was motivated by a need t o  f i n d  

Klosterman C161 has shown t h e  f r e e  
I n  t h i s  connection, the 

This  supports  Rubin's conclusion [ l  1 1 t h a t  t he  f r ee f r ee  method is  a t  

Meirovitch and Hale [161 have developed a general ized syn thes i s  procedure by 
This  

The 

The method due t o  Klosterman [12] has been implemented i n  an i n t e r a c t i v e  
computer code SYSTAN C171 and tha t  due t o  Hert ing [18] is a v a i l a b l e  i n  NASTRAN. 
l a t te r  is the  m o s t  general  of t he  modal syn thes i s  techniques.  
of an arbitrary set of component normal modes, i n e r t i a  r e l i e f  modes, and a l l  
gecmetric coordinates  a t  connection boundaries. Both the f ixed- in te r face  method of 
Craig and Bampton, and the  MacNeal's r e s idua l  f l e x i b i l i t y  method, are special cases 
of the general  method. Other analyses  presented i n  t he  l i terature based on modal 
syn thes i s  techniques are not  incorporated i n t o  general  s t r u c t u r a l  a n a l y s i s  codes. 

The 
I t  allows r e t e n t i o n  

I 

It is desirable t o  have a synthesis method t o  couple d i f f e r e n t  types  of 
component dynamic models i n  a s e t t i n g  such as t h a t  of the f i n i t e  element method so 
as t o  be able t o  r e a l i z e  the best advantages of both the canponent syn thes i s  methods 
and the convenience and g e n e r a l i t y  of the f i n i t e  element method. 
such a c a p a b i l i t y  arises when d i f f e r e n t  types of dynamic models are used t o  
represent  the var ious canponents of a s t r u c t u r e .  
need t o  improve accuracy of ccmponent dynamic r ep resen ta t ion ,  a v a i l a b i l i t y  of a 
c e r t a i n  kind of data, etc. Her t ing ' s  work 1181 meets sane of these objec t ives .  The 
procedure presented here in  permits a broader class of component models i n  the manner 
of d i r e c t  s t i f f n e s s  f i n i t e  element assembly and can be implemented i n  a general  
mat r ix  manipulation program. 

The need f o r  a 

This  var iance is dictated by the 

A p r inc ipa l  f e a t u r e  of the work developed here is the component dynamic model 
reduct ion procedure that  leads t o  an exact  and numerically stable synthes is .  
order t o  a f f e c t  component coupling, n e i t h e r  the  s p e c i f i c a t i o n  of ex terna l  coupling 
sp r ings  nor an user-specif i e d  s e l e c t i o n  of independent coordinate  is required.  
Exis t ing  syn thes i s  procedures suffer fran these drawbacks. 
considered inc lude  f r ee - f r ee  normal modes with o r  without i n t e r f a c e  loading ,  up  t o  
second order  s t i f f n e s s  and i n e r t i a  connections accounting f o r  t h e  effect of modal 
t runca t ion ,  f i x e d  i n t e r f a c e  modes, and a l s o  the physical coordinate canponents. The 
model reduct ion procedure involves  i n t e r i o r  boundary coord ina te  t ransformations 
which e x p l i c i t l y  r e t a i n  connection i n t e r f a c e  displacement coordinates  i n  the reduced 
component dynamic representa t ions .  
modal, or any admissible coordinates .  
rfsuperelement" because they are a gene ra l i za t ion  of the conventional f i n i t e  elements 
of s t r u c t u r a l  mechanics. The problem of canponent dynamic s y n t h e s i s  is then reduced 
t o  the assembly of the superelement. 

I n  

Canponent dynamic models 

I n t e r i o r  coordinates  may include physical ,  
Canponents i n  t h i s  reduced form are termed 

The direct s t i f f n e s s  approach and a l l  
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subsequent processing opera t ions  of the f i n i t e  e lenent  method are then appl icable .  
The formulat ion,  implementation and v e r i f i c a t i o n  aspects of t h e  superelement 
component dynamic syn thes i s  method are presented i n  the  fol lowing sec t ions .  

SUPERELEMEIJT MODEL REDUCTION 

The procedures f o r  reducing component dynamic models t o  a form involving 
physical DOFs of the connection i n t e r f a c e  nodes p lus  sane a d d i t i o n a l  DOFs related t o  
the  i n t e r i o r  nodes are der ived i n  the fol lowing.  
t h i s  reduced form possess a structure similar t o  that  of the displacement f i n i t e  
element method and are therefore termed superelements. Four types  of component 
dynamic models are considered: ( 1 )  f i n i t e  element model; ( 2 )  f i x e d  i n t e r f a c e  modal 
model with s t a t i c  cons t r a in t  modes; (3) f ree  i n t e r f a c e  modal model w i t h  r e s idua l  
f l e x i b i l i t y  attachment modes; and ( 4 )  f ree  i n t e r f a c e  model with noma1 modes. The 
l a s t  type may a lso include any general  admissible shape vec tors  and corresponding 
dynamic matrices as long  as c e r t a i n  requirements f o r  matr ix  p a r t i t i o n i n g  and 
i n v e r t i b i l i t y  are satisfied.  A system may involve any combination of the above 
types of canponent dynamics model s i n c e  the  models are reduced t o  a c m o n  form 
before assenbly.  

The component dynamic models i n  

The f i n i t e  element and the constrained i n t e r f a c e  modal models n a t u r a l l y  
conta ins  the connection i n t e r f a c e  DOES and are a l ready  i n  the requi red  superelement 
form. Constrained i n t e r f a c e  modal model based superelenent  syn thes i s  i s  treated i n  
[191. The free i n t e r f a c e  modal model with r e s idua l  f l e x i b i l i t y  attachment modes is 
reduced t o  the superelanent  as fol lows.  Expressing component displacements - X i n  
pa r t i t i oned  form can be wi t ten  as 

where $I and G - are re spec t ive ly  the  normal mode and r e s idua l  f l e x i b i l i t y  attachment 
mode matrices, & and 

- - - 
are t h e  associated general ized coordinates ,  and t h e  

qubscr ip ts  B and 0 refer t o  the  boundary and other DOFs. 
reduct ion t r ans f  onnat ion,  fol lowing Martinez [20] s o l v e  the  lower par t i  t i o n  

To obta in  t h e  superelenent  
- 

(1)  for c&. Thus, 

s u b s t i t u t i n g  the above i n  Eq .  ( 1 )  leads t o  the superelement form associated 
re s idua l  f l e x i  b i l i t $  attachment model: 

of Eq. 

(2) 

wi th  the 

The general ized coordinates  gK are now the p a r t i c i p a t i o n  f a c t o r s  of the  modified 

‘Odes ($KO - - :OB G-’ =BB 4, -KB ) .  The i n t e r n a l  p a r t i t i o n s  of the modified normal modes are 
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i n  effect free i n t e r f a c e  normal mode p a r t i t i o n s  minus a set  of cons t r a in t  modes 
i n t e r n a l  p a r t i t i o n s  and therefore represent  modes constrained a t  boundary degrees of 
freedom. The superelanent  equations of motion are obtained by transforming the 
canponent modal equat ion of motion a s  

are general ized mass and s t i f f n e s s  -1 -1 
where JBB = GBB !BB !&B ,and EKK - and ~ K K  

mat ri ces respec t ive ly  , 
associated wi th  the r e s idua l  f l e x i b i l i t y  attachment modes. 
canponent general ized mass and s t i f f n e s s  matrices by the cont r ibu t ions  fran the  
r e s idua l  f l e x i b i l i t y  of the deleted modes is clearly seen i n  t h e  above equat ion.  

represent  component displacements,  the  superelement reduct ion i s  obtained f ran a 
p a r t i a l  invers ion  of t he  modal mat r ix  as described i n  t he  following. 
free i n t e r f a c e  normal mode t ransf ormat i on 

gBB and YBB are the general ized s t i f f n e s s  and m a s s  
The modif icat ion of the 

I n  the event on ly  a t runca ted  set of free i n t e r f a c e  normal modes is used t o  

Consider the 

where gKO and gKB a r e  (n  xm ) and (nBxmK)size partieions of the component modal 
matr ix  corresponding t o  t h e  i n t e r i o r  and boundary degrees of freedom & and 5,  
respec t ive ly .  

- - 0 K .  

Consider the  lower por t ion  of Eq. ( 5 )  

and p a r t i t i o n  gm - i n t o  a nonsingular i n v e r t i b l e  square matr ix  gKB1 - and remainder 

which r equ i r e s  that  the number of kept modes be g r e a t e r  than the number of boundary 
degrees of freedan. Solving the  above equat ion f o r  &1 gives 

and 
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or 

q = T  - =2 

% 

.. 

(9)  

the general ized coordinates - qK2 are c a l l e d  reduced modal coordinates s ince  they are 
assoc ia ted  w i t h  modified modes as  seen i n  the  above equation. 
Eqs. ( 6 )  and (91, a n e t  transformation f r a n  physical coordinates  - X t o  free i n t e r f a c e  
normal mode superelement coordinates can be wr i t t en  as 

Canbining transform 

where $KO1 and iKQ are p a r t i t i o n s  of - 
generated i n  Eq. (8 ) .  
i n t e r f a c e  modal models, and the  transformation of Eq. ( 4 )  f o r  res idua l  f l e x i b i l i t y  
model modal, t he  l e f t  and right p a r t i t i o n s  of the transformation of Eq. (10)  may be 
in t e rp re t ed  as expressing modal matrices of modified normal modes and boundary 
cons t r a in t  modes, respec t ive ly .  The canpnen t  equations of motion i n  superelanent 
coordinates (42, $) can be obtained using the transform of Eq. (1 1 

created using the  pa r t i t i on ing  information 
Analogous t o  the  R i t z  transformation f o r  constrained 

as 

using physical coordinate component model, o r  

Sq l l  =q12 

Eq21 iq22  

+$ T [  K 1  

from modal coordinate  model. 
matrices are used t o  include the case where the columns of the modal matrix i n  Eq. 
(12)  are not orthogonal. 
nonorthogonal with respect t o  the o r i g i n a l  unloaded m a s s  and s t i f f n e s s  matrices, f o r  
example.). 
representa t ion  given i n  Eqs. (9) through (12) is obtainable  fran any given free 

I n  the above the general ized nass and s t i f f n e s s  

(Mass and s t i f f n e s s  loaded c a n p n e n t  modes are 

Further ,  i t  is t o  be emphasized again that  t he  reduced modal 
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i n t e r f a c e  llmodalll representa t ion  provided the p a r t i t i o n i n g  condi t ions lead ing  t o  
Eq. (8)  can be met. 
modes. The on ly  necessary condi t ion  is that  they be l i n e a r l y  independent, adequate 
i n  nunber, and be fran a canplete s e t ,  i .e.,  a l i n e a r  canbinat ion of them should be 
capable of represent ing t h e  deformation shapes of the component undergoing motion 
within the canpound of the bui l t -up  system. 

The columns of modal matr ix  i n  Eq. ( 5 )  need not be normal 

SUPERELEMENT SYNTHESIS 

The reduct ion procedures described i n  the  preceding sec t ion  y i e l d  c a n p n e n t  
models with a common characteristic: the boundary degrees of freedom are e x p l i c i t l y  
re ta ined  and t h e  i n t e r n a l  degrees of freedom are transformed t o  reduced general ized 
coordinates .  
as 

The equations of motion of a superelement component can be expressed 

or 

Each component subs t ruc tu re  of a given bui l t -up  system can be expressed i n  the above 
format. Analogous t o  the  matr ix  equat ion of a displacement based f i n i t e  element 
model, t h e  general ized coordinates  may be i n t e r p r e t e d  as i n t e r n a l  DOFs. Assuming 
t h a t  the global s t r u c t u r e  as pa r t i t i oned  i n t o  N canponents, the  assanbled global 
matrices y, $, 5 r e l a t i n g  the global displacement vec tor  X and the global fo rce  
vec to r  F can now be synthesized by the direct s t i f f n e s s  approach fran the component 
matrices of Eq. (13).  
displacement and nodal equi l ibr ium of forces a t  the connection i n t e r f a c e s  of 
ad jacent  components, t hus  

The direct s t i f f n e s s  approach pos tu la tes  equal nodal 

No c a n p a t i b i l i t y  condi t ions 
remain i n t a c t .  The coupled 

m m 

e x i s t  among the  reduced general ized coordinates  and 
system coordinate vec tor  thus becanes 

- 
rn 

so tha t  the global  nass, damping, 

m 

and s t i f f n e s s  matrices are given by 

where B(') is  the portif in of the 
c o r r e s b n d i n g  t o  t h e  a componenr;. 

a=l 

component t o  global  t ransformation matr ix  6 
I 

= 

E J  . . . . .  L* - Y being the  vector  of uncoupled superelement coordinates.  
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and 
boundaries of the component a. 

form. 

represent ing  the  c o m p a t i b i l i t y  condi t ions  for  the degrees of freedom at  the 

The bui l t -up  system m a s s ,  damping, and s t i f f n e s s  matrices are of the fol lowing 

a ( 29 
=qq 

.. 0 .. d 
- 
- - 

(19) 

where the  c o e f f i c i e n t s  a!?) are the m a s s ,  damping, o r  s t i f f n e s s  c o e f f i c i e n t s  
matrices give 
submatrices g 
the  compnenfgqand are uncoupled f r a n  other components. 

n Eq.  ( 1 4 3 ,  and A is the  corresponding global matrix.  The diagonal 
Pa3 i n  Eq. (19)  corFespond t o  the  reduced general ized coordinates  of 

The submatrices are symmetric and i n  general  f u l l y  populated. 
equat ions can be expressed as 

The sys t an  governing 

which itself is i n  a superelement form s ince  t h e  systan basis coordinate  X conta ins  
the boundary degrees  of freedom e x p l i c i t l y .  
s tandpoin t  of coupling the  system of Eq. (20) t o  a higher l e v e l  superelement. 
recovery of component displacements f r a n  the system displacement vec tor  - X i s  
simply a back  s u b s t i t u t i o n  and t ransformation process. 

This  is p a r t i c u l a r l y  useful. fran the 
The 

NUMERICAL EXAMPLE AND CONCLUSIONS 

The above formulat ion is implmented as a pre- and post-processor t o  a general  
matr ix  manipulation canputer program. T h e  following presents a sample synthesis 
problem involving free i n t e r f a c e  and residual f l e x i b i l i t y  modal models 
the developed software t o  demonstrate its working. I n  Figure 1 the canponent A 
represents  a lumped parameter model of an aircraft, while that  labeled B represents  
a model of a store t o  be attached at  t h e  t i p  of t h e  w i n g .  The types of dynamic 
models employed fo r  each component are as follows. For Aircraft: ( 1 )  free i n t e r f a c e  
normal modes followed by a t ransformation t o  superelement coordinates ,  and (2) Free 
i n t e r f a c e  normal modes p lus  a residual f l e x i b i l i t y  attachment mode followed by a 
t ransformation t o  superelement coordinates.  
normal modes follawed by superelement coord ina te  t ransformation,  and (2) physical 
coordinate  model. 
MacNeal Method and Rubin Method of synthes is .  
shown i n  Table 1 .  
bu i l t -up  system without p a r t i t i o n i n g .  
mode sets of the canponents leads to  exac t  system syn thes i s  as expected. 
Superelement method using severe ly  t runca ted  c m p n e n t  mode set along wi th  residual 

solved using 

And f o r  the Store: ( 1  ) free in t e r f ace  

For canparison purposes the problem is also solved using e x i s t i n g  

The exac t  r e s u l t s  are obtained by so lv ing  the  eigenproblem of the 
The r e s u l t s  of the synthesis are 

The superelement syn thes i s  using complete 
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f l e x i b i l i t y  a t tachment  modes p r e d i c t s  system f r e q u e n c y  w i t h  an accuracy b e t t e r  t h a n  
I t h a t  of t h e  MacNeal method and equal  t o  t h a t  of t h e  Rubin 's  second o r d e r  method. 

I t  m u s t  be no ted  t h a t  i n  t h i s  s t u d y  d i f f e r e n t  t ypes  of component dynamics 
inodels are s y n t h e s i z e d  by v i r t u e  of t h e  supe re l emen t  fo rmula t ion ,  and t h a t  t h e  
accu racy  of system s y n t h e s i s  is e n t i r e l y  governed by t h e  type  of ccmponent dynamic 
models and not  by t h e  coupl ing  procedure.  

TABLE 1 DIRECT AND SYNTHESIZED SYSTEM NATURAL FREQUENCIES (RADS./SEC) 

MODE EXACT SUPERELEMENT MACNEAL R U B I N  
NO. FREQ. SYNTHESIS METHOD METHOD 

A B ( B) (B)  
1 0. 0. 0. 0. 0. 
2 52.41 7 52.41 7 52.41 8 52.41 9 52.41 8 
3 69.348 69.348 69.829 69.886 69.829 
4 72.81 a 72.81 8 291.697 504.67 291.697 
5 418.029 418.03 
6 775.678 775.678 

A :  
B: ( 1  Rig id  body + 1 e las t ic  + 1 r e s i d u a l  f l e x i b i l i t y )  mode of t h e a i r c r a f t  

( 1  Rig id  body + 4 elastic) modes of t h e  aircraft 

1 A  
M 

k l A  M2A k2A M3A k3A 4A 
M 

k4A 5A 
M 

1s M 
k l S  M2S 

9 = 400 9 m2A = 36 2 A  I l oo  m -  = 0.1 
k:; 1 %fOOO , k2A = 120,000 , - 100,000 : = 50,000 
m = 0.2 , m2S = 0.4 9 k:! = 2,000 1s 

Fig .  1 Lumped Parameter A i r c r a f t - S t o r e  System 
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N8 8 - 1 8 9 5 7  : 

Approximate Method for Predicting the Permanent Set 
in a Beam in Vacuo and in Water Subject to  a Shock Wave 

A. L. Stiehl 
R. C. Haberman 

J .  H. Cowles 

An approximate method to compute the maximum deformation and 
permanent set of a beam subjected to a shock wave loading in vacuo 
and in water was investigated. The method equates the maximum 
kinetic energy of the beam (and water) to the elastic plastic work 
done by a static uniform load applied to the beam. 
in water case indicate that the plastic deformation is controlled by 
the kinetic energy of the water. The simplified approach can result 
in significant savings in computer time or it can expediently be used 
as a check of results from a more rigorous approach i.e., a finite 
element solution. 
various examples of beams with simple support and clamped support 
boundary conditions. 

Results for the 

The accuracy of the method is demonstrated by 

INTRODUCTION 

Computer codes exist today to calculate the elastic-plastic deformation of 
structures subject to shock wave loading, such as the finite element codes 
ANSYS reference [l], and STAGS reference [ Z ] .  Although these and other codes 
offer the analyst a large variety of elements and several plasticity theories, 
the computational effort to calculate the dynamic plastic deformation of a 
large structure may be substantial. To reduce the computational effort, an 
approximate method based upon energy considerations was investigated. 
Calculated quantities of interest are maximum deformation and permanent set. 
The method equates the maximum kinetic energy to the elastic-plastic work done 
by a static uniform load applied to the structure. 
calculated from a relatively simple time dependent elastic analysis of the 
structure and the work is calculated from another relatively simple elastic 
plastic static analysis. 
part of the analyst can be realized by the simplified method. 
very similar to approximate energy methods developed over a decade ago for 
structures in air subjected to impulsive type loadings, references [ 3 ] ,  [ 4 ]  and 
[5]. The primary differences are, (1) the structure (beam) is in water, and 
(2)  the implementation of the method and validation is carried out with the use 
of a modern finite element code. 

The kinetic energy is 

Essential savings in computer time and effort on the 
The method is 



To demonstrate the accuracy of the method, several examples are given. 
They consist of beams of various lengths and boundary conditions subject to 
shock wave loadings at normal incidence in vacuo and in water. The shock 
loading is from an exponentially decaying step wave, with decay time much 
smaller than the period of vibration. 
tends to apply an impulse to (at least) the fundamental mode of the structure, 
with the maximum kinetic energy occurring primarily in the fundamental mode at 
very early time and after the shock wave pressure has nearly diminished to 
zero. These are very important considerations in the energy balance method 
used herein because the method does not account for the additional external 
work performed by the shock wave pressure after the peak kinetic energy occurs 
in the structure. Furthermore, the uniform pressure used in the 
elastic-plastic static analysis exactly simulates the applied load distribution 
and approximates the inertia load distribution corresponding to the fundamental 
mode of the beam. For the case of the beam in water, the fluid reaction force 
applied back onto the beam is mathematically represented by the doubly 
asymptotic approximation, DAA reference [ 6 ] .  This approximation is easily 
introduced into the dynamic elasticLplastic finite element model. 

Under these conditions, the loading 

DESCRIPTION OF ANALYTICAL MODELS 

Three analytical models were used in this investigation. They were, (1) an 
ANSYS dynamic elastic plastic finite element model to calculate the beam's 
deflection and kinetic energy (and water's kinetic energy) due to a shock wave, 
(2) an ANSYS static elastic plastic finite element model to calculate the 
beam's deflection and external work performed by a uniform pressure, and ( 3 )  a 
simplified two degree of freedom model to calculate the elastic plastic 
response of the beam's fundamental mode to the shock wave. 

Fig. 1 shows the dynamic finite element model for the simple support 
condition. Fixed ends were also considered. The model consisted of eight 
equal length beam elements with dampers attached and mass elements attached to 
the opposite end of the dampers. 
fluid-structure interaction effects. The dampers represent the radiation term 
of the DAA and the masses represent the virtual mass term of the DAA. 
case of the beam's response in vacuo, the damping coefficient and water mass 
were zero. 
pressure of the shock w a v e .  

The dampers and masses were used to model 

In the 

The applied loading consisted of the time dependent blocked 

I l l  

Figure 1. Finite Element Model 
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The elastic-plastic static finite element model consisted of eight elements 
also. 
The external work performed by the pressure was calculated with the use of this 
model by simply integrating the pressure-displacement response. 

This beam model was subjected to a statically applied pressure loading. 

The simplified spring-mass-damper model is shown in Fig. 2. The spring 
characteristic is obtained from the elastic-plastic force deflection response 
of the static model, and the mass, damping, and force terms are obtained by 
applying Lagrange's equation of motion to the fundamental mode of the beam. 
This model can be used to calculate the maximum displacement of the beam and 
the permanent deformation. It will be shown to give very good comparisons with 
the ANSYS finite element model, thereby demonstrating the dominant contribution 
of the funadmental mode to the elastic-plastic response. 

/ 
Figure  2. Two DOF Model 

RESULTS 

Several examples were used to investigate the energy balance method. Beams 
of 5 0 ,  75 and 100 inches long were considered, with simple support and clamped 
boundary conditions. 
respectively. 
arbitrary. The material was steel with a yield stress of 80000 psi with very 
little work-hardening. The shock loading pressure on the beam was 
mathematically expressed as p - po et/' where Po is the blocked 
pressure. A decay constant of o - .001 seconds was used which for most of the 
beams was small compared to the fundamental period of vibration. A blocked 
peak pressure of 2500 psi was used for the water case and for the air case, it 
was 667 psi. 
significant plastic deformation. 
in this investigation. 

The width and thickness were 6 inches and 2 inches, 
It is to be noted that the width dimension is completely 

These pressures were chosen for the purpose of producing 
Cavitation of the water was not accounted for 
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Fig. 3 illustrates the non-linear force displacement for the simply 
supported 100 inch long beam, and Fig. 4 illustrates the static work functions 
for the 100, 75 and 50 inch beams. 
support conditions. 
energy balance method is obtained by entering into Fig. 4 the peak kinetic 
energy of the beam (and water) induced by the dynamic load. 
energy calculation for this study occurred during the very early time (elastic) 
response. The permanent deflection is obtained by subtracting from the maximum 
deflection a recoverable deflection the beam would experience under removal of 
a static uniform load 

Similar curves are obtained for clamped 
The beam's dynamic maximum deflection predicted by the 

The peak kinetic 
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Figure 3 .  Force-Deflection for S.S. Beam 
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Figure 4 .  Work Functions for S.S. Beam 
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Fig. 5 illustrates the actual time dependent in water displacement response 
at the center of the 100, 75 and 50 inch clamped supported beams. The 
permanent set was obtained by drawing a mean line through the later time 
decayed response. 
in Fig. 6 for the 100 inch clamped supported beam. This figure also 

The peak kinetic energy occurs at very early time as shown 
~~ 

demonstrates that most of the kinetic energy resides in the-water 
primarily converted to plastic work in the beam). 
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Figure 5. Displacement of C.S. Beam 
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Table 1 compares the peak deflections and permanent deflections obtained 
from the ANSYS dynamic response model and the energy balance method, and Table 
2 lists the fundamental period of vibration of the six beams. As seen, the 
comparisons are better for the longer beams. The reason is believed to be the 
longer period of vibration of the longer beams. As the period approaches, the 
decay time (.001 seconds), the kinetic energy of the beam reaches a maximum 
before the shock wave diminishes to zero. Thus there is additional dynamic 
work performed by the shock wave which is not accounted for in the energy 
balance method. Another consideration is the influence of higher frequency 
modes. If they are excited to any appreciable extent, the static work function 
would therefore not be a good approximation of the strain energy in the 
dynamically deformed beam. 
responding primarily in their fundamental mode since the work function is based 
on a uniform pressure applied to the beam. A final consideration is the use of 
a uniform pressure in the generation of the static work function. A better 
approximation would have been a distribution corresponding to the fundamental 
mode of the beam, since it is the kinetic energy associatd with this 
distribution that is converted to plastic work in the beam. 

The static work function is only valid for beams 

Fig. 7 compares results of the spring-mass-damper two degree of freedom 
(DOF) model with the ANSYS finite element model for the clamped supported 50 
inch beam in water. As shown, the comparison is reasonably good. Since this 
simple model is based on the fundamental mode of the beam, it may be concluded 
that higher order modes do not contribute significantly to the dynamic elastic 
plastic peak response. 
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-0.25 

-0.5 
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Figure 7. Displacement of 50 in. C.S. Beam 
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Table 1 Comparison of ANSYS and Simplifed Model 

PEAK DEFLECTION PERMANENT DEFLECTION 
ANSYS ENERGY-BALANCE ANSYS ENERGY-BALANCE 

(INCHES) (INCHES) 

100" Long Beam 5 . 9  5 . 9  
Water 

Simple Support 

100" 

75"  

50" 

1 0 . 7  10.3 

6.60 6 . 4  

3 . 5 8  2 . 9  

Fixed Support 

100" 4 . 5 2  4 . 2  

75"  2 . 8 7  2 . 4  

50" 1 . 2 8  .8  

1 . 8  2 . 0  

5 . 5  5 . 8  

4 . 0  4 . 7  

2 . 0  1 . 7  

1 . 5  2 . 3  

1 . 2  1 . 2 5  

.60 .29 

Table 2 Fundamental Periods of Vibration 

Boundary Length Period 
Condition ( inches) (seconds) 

Simple 
Support 

C 1 amp ed 
Support 

100 .054 
75 .030 
50 .013 

100 
7 5  
50 

. 0 2 4  

.014 

.006 
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Using t h e  two DOF models, F igs .  8 and 9 compare t h e  k i n e t i c  ene rg ie s  f o r  
t h e  simply suppor ted  long beam and clamped supported s h o r t  beam wi th  t h e  
e x t e r n a l  work of t h e  app l i ed  shock wave, t h e  l o s t  work due t o  a c o u s t i c  
r a d i a t i o n ,  and t h e  s t r a i n  energy o f  deformation.  For t h e  energy ba lance  method 
t o  be a c c u r a t e ,  t h e  peak k i n e t i c  energy should occur a f t e r  most o f  t h e  e x t e r n a l  
work has  been completed and be fo re  t h e r e  is  apprec iab le  s t r a i n  energy i n  t h e  
beam. 
clamped s h o r t  beam, and t h e r e f o r e  he lps  t o  i l l u s t r a t e  why t h e  energy balance 
method performed b e t t e r  f o r  t h e  longer  beam. 

This  occurs  i n  t h e  case  of t h e  long simply suppor t  beam b u t  no t  f o r  t he  

v 

0 10 20 30 4 0  

TIME (MSECI 
Figure 8. System Energies  f o r  2 DOF Model, S.S. Beam, 

L = 100 inches 
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TIME (MSEC) 
Figure  9.  Sys tem Energies  f o r  2 DOF Model C.S. Beam, 

L = 50 inches 
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CONCLUSION AND RECOMMENDATIONS 

The energy balance method has been shown to give reasonably accurate 
results for the prediction of peak deformation and plastic set in a beam in 
vacuo and in water subjected to a shock wave whose decay time is small compared 
to the fundamental period of vibration. Results for the in water case reveal 
that the plastic deformation is primarily controlled by the kinetic energy of 
the water. Improvements to the method could be realized by (1) accounting for 
the actual mode shape in the static work function, and (2) utilizing the 
improved second order doubly asymptotic approximation, reference [ 6 ] .  Further 
validation in predicting the actual in-fluid elastic-plastic response should be 
carried out by using fluid finite elements to model the fluid. Such a model 
could also investigate the importance of fluid cavitation. 
should also be given to using the energy balance method for other structures, 
such as plates and cylinders. 

Consideration 
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N88 - 18958 
Electro-Mechanical Vibratory System 

Mario Paz 

The problem of predicting the phase angle of two 
self-synchronized rotors startj.ng from rest, is 
presented in this paper. It is shown that with 
insufficient power the rotors may nct reach the 
final cperating speed of the motors and stay 
locked at one of the lower natural frequencies 
of the vibrating system, thus producinq large 
amplitude and failure of the equipment. 

INTRODUCTION 

Mechanical vibrators are widely i:sed for producing the 
rnoti.cn required in some manufacturing processes such as 
packing cement mixtures, screening, vibration trans- 
portation, vibration pile drivers, etc. The principal 
ccmponent of the mechanical vibratory is an unbalanced mass 
rotated by an electric motor. In some of these 
applications, rectilinear vibratory motion is required. 
This motion may be attained using two synchronized motors 
having eccentric masses rotating in opposite directions. 
SynchrGnization of the rotating masses means coordinating 
the rota-tion tc maintain a defi.nite phase angle between the 
rotation of the two motors. Such synchronization may be 
accomplished by using kinematic coupling such as toothed or 
chair. drivers between the twc rotors. However, some years 
ago, it became apparent the synchronization could be main- 
tained without resorting to any kind of kinematic coupling. 
It was observed that the angular ve1oc:i.ties and phases of 
the motors automatically kept a definite phase rotation 
without the use of coupling. Huygens [l] fj.rst Gbserved a 
case of self-synchronization in the seventeenth century. He 
noticed that two pendulum clocks, regardless Gf their 
initial phase angle, came into synchronization if they were 
mcunted on a common resilient support such as a flexible 
beam. Ee realized that this phenomenon of self- 
synchronization could be explained by the small im- 
perceptible motion in the beam transmitted by the pendulums. 

At the present time, self-synchronization is finding 
wider applications in the design of vibrating machines 121. 
The use of self-synchronization makes forced synchronization 



unnecessary. The condition of self-synchronization, as well 
as the phase angle maintained by the rotors, has been 
investigated initially by Elekman 131 for one directional 
notion, by Paz [ 4 , 5 ]  for two directional motions and sub- 
sequently by others [6,7,81 . Paz investigated analytically 
and experimentally the problem of predicting t h e  stable 
phase angle and the direction of the resultapt force of any 
two rotors with parallel a x i s  of rotation. He showed that 
the phase angle between two rotors, as we;! as the ccndition 
necessary for a stable s o l u t i c n  could be predicted with the 
application of Hamilton's Principle. 

These developments gave solutions prescribing t h e  
conditions for self-synchronizaticn, hut did not focus in 
the initial transient portion of the motion until it rea-ches 
the final steady-state condition. In this transient state, 
the system may have to transverse some of its natural 
frequencies at which resonance may occnr, locking the motion 
at a speed lower than the operating speea of the motors, 
thus, resulting in large amplitudes of motion and failure of 
the equipment. ?'he electro-mechanical analysis of vibratincj 
equipment during the initial trans1er.t motion, is presented 
in this paper. 

CHARACTERISTICS OF INDUCTION MOTOR 

The torque capacity of an incluction motor is primarily 
a function of its rotating speed. Fig.1 shows a typical 
torque-speed curve for this type of motor. The figure also 
shows an assumed torque-speed curve required to maintain 
rotation as demanded by the load. In this case, the system 
will operate in the transient state until it reaches the 
steady-state condition at which the torque demanded by the 
load equals the torque of the motor, pint P in Fig.1. 

ANGULAR SPEED (rad/ sec) 

Fig. 1 Speed-Torque Curve For Typical Induction Motor 
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At any speed 6 (rad/sec), the torque differentialA T between 
that produced by the mGtor and the required by the load is 
available to accelerate the motor. Consequently, applying 
Newton's second law for a rotating mass, this differential 
torque is 

(1) 
dO 
dt 

A T  = ;*- 

in which S is the mass moment of inertia of the rotating 
parts of the rmtor and 0 the angular velocity of the rotor. 

KECHANICAI, VIBRATING SYSTEM 

The equations of motions of a mechanical vihrating 
system my be obtained by direct applicatj.on of Newton's 
Law of motion or alternatively by using an energy method 
such as the application of Lagrange's equation. In any 
case, the equations of motion for a linear system may, in 
general, be expressed in matrix notation as 

I M l C ~ 3  + I C I r ~ 3  + [KIEYI = CF(t)l (2) 

where [MI, [C] and [K] are respectively the mass, damping 
and stiffness matrices; and EY3, E33 {%3 the displacement, 
velocity and acceleration vectors of the generalized 
coordinates. 

In the solution of Eq. ( 2 ) ,  i.t is convenient to use 
modal superposition method to trmsform these equations to a 
system of uncoupled equation of the form 

(i =1,2 ... N) ( 3 )  
1 C  2 zi + 2/iwi2i + wizi = Pi(t) 

where Zi = modal displacement 

i = modal velocity 
Zi = nicdal acceleration w = natural frequency 
fi = mod21 damping ratio 
i 

and Pi(t) = modal force 

which is given by 
N 

Pi(t) = 1 F j ( t )  4ji ( 4 )  

j= l  
where 4 ji is the j-component of i-th eigenvector. 

The solution of the uncoupled equation, Eq.(3) during 
the transient motion may be obtained by numerical in- 
tegration in terms of the modal coordinates Zi. 
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The motion in function of the generalized coordinates is 
then given by the transformation 

EYI = [ f l C Z l  

where [ 1 is the modal matrix of the system. E 

Fig.2 Mathematical model for the example of a vibrating 
system excited by two self-  synchronizing rotors. 

TORQUE DEMANDED BY THE I,@F,I! 

The torque demanded by the load may be determined from 
the power consumed by the exciting forces of the rotors. 
The forces Fl(t) and F (t), developed by the two rotors 
exciting the system are diven by 

* 2  Fl(t) = m'e O 1  
a 2  

2 F2(t) = m'e 0 

where m' and e, are the eccentric mass and its corresponding 
eccentricity; 0 and 6 the angular velocities of the rotors. 

The power demanded by the load may be calculated as the 
product of the rotor fcrces times the correspcnding linear 
velocities of the points of application of these forces. It 
is convenient to express this power separately for the two 
force components in the plane of the rotating forces as 

1 2 

= Fl(t) sin 0 (t) 1 ( 7 )  
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and 

F21(t) = F2(t) sin0 2(t) 

F22(t) = F2(t) cos0 ,(t) 

where Fi. is the j-component of the i-th motor; 0 and 0 the angular displacements of the rotors. 1 2 

The power demanded by the load is given by 

PI1 (t) = Fll (t) .ill (t) 
(9) 

and 
, 

P21 (t) = F2+) . X Z l ( t )  
( 1 0 )  

P22 (t) = FZ2(t) .i2*(t) 

where Pi = Power of j force component of the i.-th motor 
9 = LiAar velocity of  the force component j of the i-th 
mAi!or. 

Finally, the torque T, demanded by the load is obtained by 
simply dividing the po'ker components 
the corresponding angular velocity 
sequently, the total torque demanded 

2 

k= 1 

by 

= 1 (t) + Pk2(t) 1 k kl TI* 

in Eqs.(9) and (10) by 
of the rotors. Con- 
by the loads is given 

ANGULAR VEIiOCITY OF THE RO'ICFS 

The angular velocity f o r  t h e  rotors i s  de te rmined  by 
numerical integraticp of Ec.(l) which expressed in finite 
differences form may be written as 

where A b(t) is the incremental angular velocity of the 
rotors attained in tine step A t and A T(t) is the torque 
available a t  accelerate the rotcrs. As illustrated in 
Fig.1, t h i s  tcrque is given by the difference between the 
torque of the motor TM(t) and the torque T @demanded by the 
load: thus for each motor, the differentia$ torque is given 
hY 

AT(t) = TM(t) - TL(t) ( 1 3 )  
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The angular velocity for each rotor is then calculated, 
startj ng with initial velocity zero ( 8 ( 0 )  =0) , through the 
recurrence formula 

6 (t+A t) =($ (t) + A 6  (t) (14) 

The angulsr displacement of the rotors, el, and is 
calculated a s  

starting with the initial displacements of the rotors 
O1 (t=O) and O 2  (t=O) . 

The phase angle 4 t )  between the rotors is then given 
by the differeRce between the angul6r displacements of the 
rotors. Hence: 

NUMERICAL EXAMPLE 

Figure 2 shows the mathematical model of a vibrating 
mnveyor, excited by two motors with eccentric ciasses 
rotating in opposite directions. The differential equations 
of motion for the six degrees Gf freedom in this model were 
obtained using Lagrange's equation. The numerical values 
for the components of this system are indicated in Table 1. 
Discrete values of the torque-speed function for the motors, 
provided by the manufacture, are given in Table 2 .  

A time step A t =0.01 sec. was selected and damping in the 
system was assumed equlal to 5 %  of the critjcal damping in 
each mode. 

TAELE 1 NUMERICAL VALUES VIBRATING SYSTEM OF FIG.2 

BASE : 
2 Mass: M1= 31.863(lb-sec /in) 

Mass moment of inertia: 
11= 42,772(lb-sec -in) 2 

EXCITER: 

Gass: M 2 =  15.236 (lb-sec2/in) 

Mass ncment of inertia: 
I,= .- 4 , 5 7 8  (3b-sec2-in) 
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Springs costant: 

-----.- - - ____I 

Speed 0 47.12 162.3 184.3 188.5 (rad/sec) 

Torque 428.4 321.3 616.75 (lb-in) 
142.8 0 

r 

K1 (axial) = 3k 
K, (axial) = 9k 

(k = 9,40O(lb/in) 

K; (transverse) = 30k 
K2 (transverse)= 90k 

Distance: 

TIME (sec) 

Fig.3 Motor speed and phase angle of the rotors - Motors 
having full torque. 

The analysis of the system modeled as shown in Fig. 2 
provided the following three non-zero values for the naturnl 
frequencies: 
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w1 =114.7 rad/sec, w 2  =195.7 rad/sec and w3 = 7 8 3 . 6  rad/sec. 

The solution output ir.cludes the motion ot thcl system and of 
t,he rotors, as a function of time, during the initial 15 
seconds of the transient state. The solution also includes, 
the torques of the motors and t.h,e torques demanded by the 
load as well a s  the phase angle between the rotors in the 
transient state. 

For the motors having the speed-torque characteristic 
depicted in Fig.1 (Numerical values in Table 2 ) ,  Fig.3 
shows the plots of the phase ar.gle between rotors and  the 
angular speed of the motors during the injtial 40 seconds 
motion, while Fig.4 shcws these plots assuming that the 
motors can provide only one-half of the torque indicated in 
Table 2. The jnitial phase angle w a s  6 @  degrees due to the 
physjcal arrangement of the rotors under the effect- of 
gravity. 

. 

: .~ . . .... 'f . , . 

. . . a  . . . .  

TIME (sec) 

Fig.4 Motor speed and phase angle of the rotors - Motors 
limited to 50% of the full torque. 

DISCUSSION 

It may be observed in Fig.3 that for the motors having 
the speed-torque characteristics of Fig.1, the motors 
ra.pidly, in about five seconds reach their operating speed 
iri the neighborhood of b =I65 rad/sec and that rotors attain 
self-synchronization with a phase angle o(=O degrees. On the 
other hand, Fig.4 shows that the motors do not have 

2 14 



su.fficient pGwer to reach the operating speed and become 
locked in the neighborhood of resonant speed w = 114.7 
(rad/sec) attaining out of phase self-synchronizaticn of 
the rotors (4=i8Cu). In the first case, t h e  self- 
synchronized machine will perform as intencleci in the design, 
while in the second case t h e  system will vibrate erratically 
at the resonant condition with large amplitudes resulting in 
failure of the equipment. 

r 
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